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P~ AMPS

An operational amplifier is just a high gain amplifier — you stick a voltage
in and a much larger one comes out. But you'd never know this from the
data sheets. "Overkill’ confuses all but the most experienced.. It really
doesn’t have to be so. Tim Orr explains. . .

OP-AMPS HAVE TWO inputs, inverting and non-inverting,
denoted by — and + respectively. The op-amp amplifies the
difference in the voltages applied to these two inputs, the
output going positive if the + input is positive with respect to
the — input, and vice versa. Without extra circuitry, though, an
op-amp is virtually useless, for the gain is too high to be useable
and distortion is excessive. Fortunately both parameters can
be controlled by feedback.

An op-amp with negative feedback is shown in Fig. 1. Two
resistors set the closed loop voltage gain, and as long as this is
small compared to the open loop gain, it will be determined
by the resistor ratio RF/RI. The open loop gain, the voltage
gain when RF is removed, is typically 1 000 000. This massive
gain is clearly much too large to be used without feedback.
Closed loop voltage gains of 100 are about as much as it is
practical to use.

Biased example
The arrangement in Fig. 1 is known as a ‘virtual earth’ amp-
lifier. The non-inverting input is connected to earth, and the
inverting input is maintained by the feedback applied via RF
at a voltage which is virtually earth potential.

The input impedance of the amplifier in Fig 1 is simply R1.
The output impedance is a little more complicated,
approximately: —

output impedance of the op amp x closed loop gain

open loop gain

Suppose we want an amplifier with a gain of 10, and an input
impedance of 1M. This means that Rl is 1M. Therefore RF
must be 10 M (see Fig. 2). With a 1 V sinewave as the input
signal we get a 10 V sinewave as the output. However, when
the input signal is held at OV, it is positive! This is an error

voltage, which may be undesirable. The cause of the problem
is the 'INPUT BIAS CURRENT’ of the op-amp. The input of
many op-amps looks like the circuit shown in Fig. 3. If these
transistors are to operate correctly they need a standing emitter
current which implies that they need an input base current. It
is this base current which is the op-amp’s ‘INPUT BIAS
CURRENT". For a 741 this current can be as large as 0.5 uA.
In the arrangement of Fig. 2 this current can only come
through RF, which means that the output voltage could be as
large as 0.5 uA x 10 M, which is +5 V! One way to remedy
this error is to use the circuit shown in Fig. 4. A resistor has
been inserted between the non-inverting input and ground.
This resistor has the value of RF in parallel with RI. It allows
both the inputs to sink slightly and thus maintain the voltage
balance at the inputs. The output voltage is then nearly 0 V.
However, the two input transistors may not be that well
matched, so the bias currents into each input may be different.
This is known as the 'INPUT OFFSET CURRENT’ and its
effect can be nulled by making the 910 k resistor in Fig. 4 a
variable resistor. But even if the bias currents (for say a 741)
were zero, then the output voltage would still not be 0 V.

Get set, they're off
The output voltage could range between +60 mV. This is due
to the 'INPUT OFFSET VOLTAGE’ which for a 741 can be
as much as *6 mV, which is then multiplied by the closed
loop voltage gain of the stage (in this case 10 giving us +60
mV. This can be compensated by using the circuit shown
in Fig. 5. Terminals 1 and 5 on a 741 can be used to compen-
sate for the input offset voltage. The input offset voltage is
the V,, imbalance between the two input transistors.

Now that we know how to eliminate the spurious dc
offsets, we can try designing some dynamic circuits and find
out why they don‘t work as expected! For example, try

CLOSED LOOP VOLTAGE GAIN = — g = g =
(AV) RF
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inverting op-amp
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putting a 1V sinewave at 200 kHz into the circuit shown in
Fig. 5. What you would expect isa 10 V, 200 kHz sinewave at
the output — but you don’‘t get one. What appears is a rather
bent 200 kHz triangle waveform. This is because the 'SLEW
RATE’ of the op-amp has been exceeded. The slew rate is the
speed at which the output voltage can move, and for a 741 is
typically 0.5 V/us when it crosses zero, so the op-amp, faced
with this demand, just gives up and slew limits, drawing out
straight lines as it does so.

Listen to-the band(width)

Another limitation is 'BANDWIDTH’. A 741 has a GAIN
BANDWIDTH product of approximately 1 MHz. This means
that the product of the voltage gain times the operating
frequency cannot exceed 1 MHz.

For example, if you want the amplifier to have a gain
of 100, then the maximum frequency at which this gain can
be obtained is 10 kHz. Figure 6 illustrates this phenomenon.
Curve A is the open loop response, note that the voltage gain is
1 at 1 MHz, hence the gain bandwidth product of 1 MHz. The
slope of the curve is —20 dB/decade, which is caused by a
single 30 pf capacitor inside the IC. Now, if the resistor ratio
is set to give a voltage gain of 100, then the op-amp gives a
frequency response shown by curve C, which is flat up until 10
kHz. A gain off 10 rolls off at 100 kHz (D) and a gain of 1 000
rolls off at 1 kHz (B). Thus it is very easy to see just what the
closed loop frequency response will be. However, don’t forget
the slew rate probliem. You may be able to construct an amp-
lifier with a voltage gain of 10, which works up to 100 kHz,
but the output voltage will be limited to less than 3 Vpp!
Another problem is distortion in the op-amp. Negative feed-
back is used to iron out any distortion generated by the op-
amp, but negative feedback relies on there being some, spare
voltage gain available. For instance, say the op-amp generates
10% distortion and there is a surplus voltage gain of 1 000,

open loop gain
ie. (— ),
closed loop gain
then the distortion will be reduced to approximately,
10%
= = 0.01%
surplus voltage gain 1 000
So, negative feedback is used to eliminate distortion products,
However, if there is no surplus voltage gain, as in the case of a
741 amplifier working at 10 kHz, with a closed loop gain of
100, the distortion will rise dramatically at this point.

open loop distortion

Current thinking
Most op-amps have a voltage output, although some have a

current output. If you short-circuit a voltage output then large
currents could fiow and thermal destruction might follow. To
overcome this problem, most op-amps have a current limited
output so that they can tolerate an indefinite short to ground.
A 741 is limited to about 25 mA. Another current of note is
the supply ‘BIAS CURRENT'. This is the current consumed
when the op-amp is not driving any load. For a 741 this
current is typically 2mA, which makes it unsuitable for
some battery applications.

There are some op-amps which can be programmed by insert-
ing a current into them so that their supply current can be
controlled. This means that they consume only micropower
when in their ‘standby’ mode, and can be quickly turned on
to perform a particular task.

Voltages differently

In the few examples shown so far, the op-amp has been
used to amplify voltages which have been generated with
respect to ground. However, sometimes, it is required to
measure the difference between two voltages. In this case
you would use a ‘Differential’ amplifier, Fig. 7. By using two
matched pairs of resistors, the formula for the voltage gain
is made very simple. It is thus possible to sumperimpose a
1V sinewave on both the inputs, and yet have the output of
the amplifier ignore this common mode signal and amplify
only differential signals. The amount by which the common
mode signal is rejected is called the CMRR (the Common
Mode Rejection Ratio) and is typically 90dB for a 741.
Thus a common mode 1 V signal would be reduced to 33 uV.

Another rejection parameter to be noted is the supply
voltage rejection ratio. For a 741 the typical rejection is
90 dB; that is, if the power supply changes by 1 V the change
in the output voltage will be 33 uV.

When designing with op-amps it is very important to know
what voltage range the inputs will work over, and the maxi-
mum voltage excursion you can expect at the output. For
instance, the 741 can operate with its inputs a few volts from
either power supply rail, and its inputs can withstand a differ-
ential voltage of 30 V (with a power supply of 36 V).

This is not true of all op-amps, some have a very limited
differential input voltage range, for instance the CA3080 will
zener when this voltage exceeds 5 V and the amplifier per-
formance will then be drastically changed.

The output excursion of the op-amp is also important.
The 741 can only typically swing within about 2 V of either
supply rail, whereas the CMOS op-amp can swing to within
10mV of either rail so long as the load into which they are
driving is a very high impedance.

Continued on page 14.
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12 V REGULATED POWER SUPPLY

The large open loop voltage gain of an op-amp is very useful
in providing a regulated low output impedance power supply.
A 5V1 voltage reference is generated by a zener diode ZD1
(this voltage reference could be made more stable by running
it at constant current). A PNP transistor is used as a series
regulator. However, this transistor inverts the signal from the
op-amp output, and so, in order to get negative feedback, the
feedback is taken to the non-inverting input! The operations is
as follows. The inverting input is held at 5V1. If the '‘PSU
OUTPUT" tries to fall, the voltage at the non-inverting input
falls. Therefore the op-amp’s output will also fall, thus turning
on the PNP transistor which then pulls up the ‘'PSU OUTPUT".
Thus the output voltage is stabilised. Also, the output
impedance is very low, due to this negative feedback. The
output impedance at high frequencies (where the op-amp gain
is low) is further reduced by the 10 u capacitor. To squeeze
the last drop of voltage out of the system, before a callapsing
unregulated supply rail causes the regulated supply to drop
out, a BV1 zener diode (ZD2) has been included. This allows
the op-amp output to work at about 7 volts below the
unregulated supply rail. Thus, a regulated output is maintained
until the PNP transistor saturates. This means that the
unregulated rail can fall to within about 200 mV of the
regulated rail!

+VE UNREGULATED SUPPLY 30V—+12.2V
o—

PSU OUTPUT
——0

+12v

ZD1
5V1

SIMPLE INTEGRATOR

An op-amp and a capacitor can be used to implement, to a
high degree of accuracy, the mathematical process of
integration. In this case, current is summed over a period of
time and the resultant voltage generated is the integral of that
current as a function of time. What this means that if a
constant voltage is inputted to the circuit, a ramp with a
constant slope is generated at the output. When the input is
positive, the output of the op-amp ramps negative.

In doing so it pulls the inverting terminal negative so as to
maintain a ‘virtual earth’ condition. In fact the input current
(Vin/R1) is being equalled by the current flowing through
the capacitor, thus equilibrium is maintained. The equation
governing the behaviour of a capacitor is C x dV/dt = i,
where dV/dt is the rate of change of voltage across the
capacitor.

Therefore

dv i K\ Vin
dt c dt R1C

Thus

So, when a square wave is applied to the circuit in Fig. 10,
triangle waveforms are generated. R2 was added to provide
DC stability. Its inclusion does slightly corrupt the
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mathematical processes, but not enormously. A good point
about this integrator design is that it has a very low output
impedance. You can put a load on the output and the
op-amp will still generate the same waveform — that’s what is
so nice about negative feedback.
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Fig. 11. Simple differentiator.

SIMPLE DIFFERENTIATOR

Mathematically, differentiation is the reverse process to
integration. Thus, in the differentiator circuit the C and the R
are reversed with respect to the integrator circuit.

The input waveform is a triangle with a constant rise and
fall slope. This constant slope, when presented to a capacitor
will generate a constant current. When the slope direction
reverses, then so will the current flow. This current when
passed through a resistor (R1), will then generate a square
wave.




TRIANGLE SQUARE OSCILLATOR

A Schmitt trigger and an integrator can be used to construct
a very reliable oscillator which generates triangle and square
waveforms. The operation of the circuit is very simple and
always self starting. The Schmitt trigger is formed from IC1,
the integrator from IC2. Suppose the output of the Schmitt is
positive. This will cause the integrator to generate a negative
going ramp. This ramp is then fed back to the input of the
Schmitt. When the lower hysteresis level has been reached the
output of the Schmitt snaps into its negative state, current
is taken out of the integrator which then generates a
positive going ramp. The integrator’s output ramps up and
down between the upper an lower hysteresis levels. The speed
at which the integrator moves is determined by the magnitude
of the voltage applied to it. In this circuit, the magnitude of
the voltage and hence the oscillation frequency, are controlled
by a potentiometer, giving a 100 to 1 control range. This

[
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100n

1001

10k LOG POT

circuit is the basis of most function generators. By bending the
triangle it is possible to synthesise an approximation to a
sinewave. With a bit more electronics it is also possible to
make the oscillator voltage controlled.

SINGLE OP-AMP OSCILLATOR

This circuit has a Schmitt trigger and a ‘sort of integrator’ all
built around one op-amp. The positive feedback is via the
10 k resistors. The ‘integration’, (the timing) is controlled
by the RC network. The voltage at the inverting input follows
that of the RC charging exponential, except that it is
confined to be within the upper and lower hysteresis levels.
Thus the hysteresis levels and the RC time constant determine
the frequency of operation. It is possible to make the output
square wave have a large mark to space ratio. By closing
the switch SW1, the discharge time of the capacitor becomes
eleven times faster than the rise time. Thus a square wave with
an 11:1 mark space ratio is generated.

v out
O

1.7V
D1, D2 = 1N914

SIMPLE TRIANGLE TO SINEWAVE CONVERTER

Here is a simple way of converting a triangle to a sinewave.
The logarithmic characteristic of the diodes is used to approx-
imate that of a sine curve. Distortion is 5% or so. However, the
distortion may be tolerable if the sinewave is only used to
generate audio tones.

LINEAR VOLTAGE CONTROLLED OSCILLATOR

This oscillator is very similar to the triangle square wave
oscillator shown on this page, except that this one is voltage
controlled. The integrator and Schmitt trigger action are the
same as before, but the feedback has been altered. The input
voltage Vin, is applied differentially to the integrator via the
resistor network. The larger the value of Vin, the faster the
integrator ramps up and down. Thus the frequency of the
operation is determined by an external positive control voltage.
The frequency is linearly proportioned to this control voltage.

When the output of the Schmitt is low, Q1 is off and all
the input voltage is applied to the inverting input. Half of the
input voltage is always applied to the non-inverting input.
Therefore the integrator’s output ramps downward until the
Schmitt flips into its positive state. Now, Q1 is switched on
and the voltage at the inverting input is negative with respect
to the non-inverting input. Hence the integrator now ramps
upwards.
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BASIC SUMMING CIRCUIT (MIXER)

A virtual earth amplifier can be used to mix several signals
together. The output voltage is a mixture of all the inputs.
The amount of an input that appears at the output is inversly
proportional to the input resistor. If the input voltages are fed
into potentiometers before being fed to the mixer, then
their individual levels can be manually adjusted. This is the
basis of most audio mixers, although the cheaper units use op-
amps. Most op-amp mixers will degrade the signal to noise
ratio of the signals by more than a good discrete component
amplifier.

TURNING A LINEAR POT INTO A LOG POT

By using the virtual earth characteristic of an op amp, a
linear pot can be made to have the characteristics of a log
pot. It seems to be fair to say that low cost linear pots are far
more linear than log pots are logarithmic. Thus the linear pot
can be turned into a better log pot than the actual log pot
itself. By varying the resistor ratio 5k6 to 50 k, other laws can
be produced, such as something in between log and linear or
maybe a law that is even more extreme than log.
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SIMPLE SPEECH FILTER
The telephone system has been designed for speech com-

munication. The bandwidth of the system is.300 Hz to 3400
Hz, which has been arrived at after many years of experi-
mentation. Thus, it is true to say that much of the inform-
ation in speech is contained between these frequency limits.
The circuit shows a filter structure that will simulate the
telephone bandwidth. It could have many uses, for instance as
a ‘speech filter’ for noisy radio reception or land line com-
munications, or as a voice detector for a light show.

SIMPLE MUSICAL CHIME GENERATOR

The circuit shown is that of a multiple feedback band-pass
filter. The preselt is used to add some positive feedback and
so further increase the Q factor. The principle of operation is
as follows. A short click (pulse) is applied to the filter and this
makes it ring with a frequency which is its natural resonance
frequency. The oscillations die away exponentially with
respect to time and in doing so closely resemble many natural-
ly occuring percussive or plucked sounds. The higher the Q the
longer the decay time constant. High frequency resonances
resemble chimes, whereas lower frequencies sould like claves
or bongos, By arranging several of these circuits, all with
different tuning, to be driven by pulses from a rhythm gen-
erator an interesting pattern of sounds can be produced. There
may be some stability problems when high Q or high frequency
operation is involved. To achieve better performance, an op-
amp with a greater bandwidth than the 741 should be used.

Alternatively, a different structure, such as a state variable
filter could be used. Qs of up to 500 can be obtained with
this latter circuit.
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MUSICAL ENVELOPE GENERATOR AND MODULATOR
A gate voltage is applied to initiate the proceedings. When the
gate voltage is in the ON state, Q1 is turned on, and so the
capacitor C is charged up via the attack pot in series with the
1 k resistor. By varying this pot, the attack time constant can
be manipulated. A fast attack gives a percussive sound, a slow
attack the effect of ‘backward’ sounds. When the gate voltage
returns to its off state, Q2 is turned on and the capacitor is
then discharged via the decay pot and the other 1 k resistor,
to ground. Thius the decay time constant of the envelope is
also variable.

This envelope is buffered by IC1, a high impedance voltage
follower and applied to Q3 which is being used as a transistor
chopper. A musical tone in the form of a squarewave is con-
nected to the base of Q3. This turns the transistor on or off
and thus the envelope is chopped up at regular intervals, the
intervals being determined by the pitch of the squarewave.

The resultant waveform has the amplitude of the envelope
and the harmonic structure of the squarewave. 1C2 is used as a
virtual earth amplifier to buffer the signal and D1 ensures that
the envelope dies away at the end of a note.

SIMPLE MUSICAL ENVELOPE GENERATOR

A simple generator can be constructed using the CA3080
(made by RCA). This circuit will also enable the use of an
audio waveform the harmonic structure of which will not be
significantly affected as it is modulated. The CA3080 is an
op amp with a difference. It has a current output and an extra
input into which a current, |, is fed. The output is the
product of the input voltage X I ,. Thus the I, can be used to
control the amplifier’s gain.

The input voltage range for low distortion operation is
very low, of the order of £ 25 mV.

The CA3080 is being used as a two-quadrant multiplier. A
smal! voltage, (+ 256 mV), is applied to its non-inverting input.
When the switch S1 is closed, the capacitor C is charged up
and a current of about 150 uA flows into the"lA input term-
inal. When S1 is opened, C discharges through the 150 k
resistor into the |, input. This current dies away exponentially.
As the output is the product of the input voltage X I,, then
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an exponential envelope is generated. Breakthrough after the
decay is very good, better than —80 dB.
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SILENT AUDIO SWITCHING

Sometimes electronic switches for audio signals are required.
FETs can be used to perform the switching, but they can
cause distortion, the resultant output impedance is not very
low and clicks generated by the switching signal can break
through. The circuit shown virtually eliminates all of these
problems. By using an op-amp a very low output impedance is
obtained as well as the possibility of selecting or mixing one
or more of many input channels. Because of the virtual earth
mixing, the voltage across any FET that is switched on is very
small. If the output voltage is 1V and the FETs ON resistance
is 470R, then the voltage across the FET is about 10 mV.
When large voltages are applied to a turned on FET, the dis-
tortion is large, but if the voltage is small, (10 mV say), the
distortion could be less than 0.1%. Thus the virtual earth mix-
ing enables low distortion operation. Lastly, to stop the gen-
eration of switching clicks, a time constant of 47 msec has
been enforced at the gate of the FETs.




LED BAR PPM DISPLAY FOR AUDIO

The peak voltage detector can be used to control an illuminat-
ed audio level monitor having the same characteristics as a
PPM (Peak Programme Meter). A bar column of LEDs is
arranged so that as the audio signal level increases, more LEDs
in the column light up. The LEDs are arranged vertically in
6 dB steps. A fast response time and a one second decay time
has been chosen so as to give an accurate response to transients
and a low ‘flicker’ decay characteristic. The op-amps that
drive the LEDs are used as comparators. On each of their
inverting inputs they have a dc reference voltage, which
increases in 6 dB steps up the chain. All of their non-inverting
inputs are tied together and connected to the positive peak
envelope of the audio signal. Thus as this envelope exceeds a
particular voltage reference, that op-amp output goes high
and the LED lights up. Also, all the LEDs below this are
iluminated.
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ALL-PASS NOTCH FILTER

Sometimes when processing analogue signals a constant tone
causes a nuisance and so an active filter is called upon to
‘notch’ it out. The filter can be tuned so that its notch is at
exactly the same frequency as the unwanted signal so that it
can be selectively attenuated. This method is sometimes used
to remove mains hum. The circuit works as follows IC1 and
2 are a pair of all-pass filters. These filters have a flat frequency
response, but their phase changes with frequency. Their overall
maximum phase shift is 360°, a phase shift of 180° occurring
at a frequency of 1/2CR Hz. At this frequency the signals are
inverted. Thus, by mixing the phase delayed signal with the
original, cancellation can be produced which forms a notch
in the frequency response. The preset is used to get the deep-
est notch available. The operating frequency can be changed
by varying the two resistors R. For instance for 50 Hz
operation, R should be:—

10.66k X 1000 = 213.2k
50

Nearest E12 fit is 220 k

NOISE GENERATOR

‘"The zener breakdown of a transistor junction is used in many
circuits as a noise generator. The breakdown mechanism is
random and so generates a small noise voltage. Also this volt-
age has a high source impedance. By using the op-amp as a
high input impedance, high ac gain amplifier, a low imped-
ance, large signal noise source is obtained. The preset is used
to set the noise level by varying the gain from 40 to 20 dB.

RANDOM
NOISE

100k SET LEVEL

— AAM—0O
+Ve ref (+10V) 1M | U WL

n

LOGARITHMIC VOLTAGE TO VOLTAGE CONVERTER
The output voltage is logarithmically proportional to the input
voltage. The difference between this circuit and the previous
is that the exponentiator is in the feedback loop of the op-amp
and hence the mathematical function has been inverted. The
circuit is useful for performing true logarithmic compression
or for converting linear inputs into dBs.
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EXPONENTIAL VOLTAGE TO CURRENT/VOLTAGE
CONVERTER

The circuit shown converts a linear input voltage into an
exponential current or voltage. This type of circuit is used in
music synthesisers to change linear control voltages into
musical intervals. That is, if the circuit were used to control
an oscillator, input increments of 1 V would change the pitch
by one octave. The exponential characteristics of a transistor
are exployed to generate the correct transfer function. Q1 and
12 are matched pairs of transistors, preferably a transistor dual.
IC1 maintains Q1 at a constant current. Thus, the op-amp
serves only to bias the emitter of the second transistor Q2 into
a suitable operating region. The purpose of Q1 is to generate
this bias voltage. The base emitter junction of a transistor

#Ve ref (+10V) ™M
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has a high temperature coefficient (—1.9 mV/“C) and so the
reason for using a matched pair is to use the first transistor,
Q1, to provide temperature compensation for the second.
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PRECISION HALF WAVE RECTIFIER

Rectifying small signals with any accuracy can be very difficult
using diodes only due to their forward voltage drop of about
0.6 V. However, an op-amp can be used to reduce this voltage
drop to virtually nothing. Consider the circuit shown. There is
negative feedback so that ‘virtual earth’ circumstances exist.
When Vin is positive, D1 conducts to maintain the virtual
earth, D2 is reverse biased and so the output is just a 100 k
resistor connected to 0 V. When Vin goes negative, the output
rises positively, D2 is turned on and D1 turned off. As the
virtual earth is being maintained, the output voltage is the
exact inverse of the input voltage. This is true for all negative
inputs. Therefore, the output is composed of positive going
half sinewaves. Precision half wave rectification has occurred.
In fact the diode error is very small, being equal to

600 mV
(surplus voltage gain)

Therefore as the input frequency increases, and the surplus
voltage gain decreases, precision falls.

By adding together the original and the half wave rectified
signals together in the right ratio, it is possible to fill in the
half cycle gaps and thus to generate precise full wave
rectification. The addition of one summing op-amp and three
resistors is all that is needed as shown opposite.

VOLTAGE TO CURRENT CONVERTER

The virtual earth of an op-amp and the current source
characteristic of a transistor can be combined to produce a
precision linear voltage to current converter. Consider the
'SOURCE’ circuit. A positive voltage is applied and the
op-amp adjusts itself so that a ‘virtual earth’ condition is
maintained. This means that a current i flows through the
input resistor R, where i = Vin/R. Now this current has to go
somewhere, and so it flows through the PNP transistor and
comes out of the collector and into its load. Thus, the input
voltage generates a current which is linearly proportional to it.
There are, however, three sources of error that will affect this
linearity. First the input offset voltage of the op-amp may
become significant at low levels of Vin. Second, the input bias
current may well rob a lot of the current when Vin is low.
Third, the base current of the transistor must be subtracted
from the final output current. Note that the current gain of
the transistor will change with collector current variations, and

SOUHCE

so the base current loss is not a fixed percentage. However,
a precise voltage to current converter can be made using an
op-amp with a FET input so that the bias current is low. Also,
an input balance can be used to zero out the input offset
voltage, and if a FET is used to replace the bipolar transistor,
then the base current problem can be removed.

The ‘SINK’ circuit merely swaps the transistor to an npn
type. Note that the input voltage now must be negative.
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NON-INVERTING AMPLIFIER:

An op-amp is used to provide voltage gain, but in this case the
output is in phase with the input. The minimum voltage is
unity and occurs when RB is an open circuit. The op-amp has
maximum bandwidth at unity gain, and any increase in the
gain will cause a reciprocal decrease in bandwidth.
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HIGH SLEW RATE AMPLIFIER
The slew rate of the op-amp has been increased by increasing
the overall current generating capability, by the addition of a
pair of transistors. These transistors increase the output
voltage range by allowing the voltage to swing to within OV5
of either supply rails. The output of the op-amp hardly moves
at all. Without an input signal, the output voltage is 0 V and
the op-amp drains approximately 2 mA from the supply rails.
This current passes through the 180R resistors and sets up
a voltage which is not quite sufficient to turn on either
transistor. When a positive voltage is applied to the input, the
op-amp tries to swing negative but it has a 47R (R4) resistor
connected from its output to ground. Thus, as it tries to swing
negative, it draws lots of current from the negative rail. This
current flows through Rb5, and in doing so turns on Q2. This
transistor then pulls R2 down and thus provides negative feed-
back. The same sequence of events occurs when the input is
negative except that R3 and Q1 are then involved. Thus the
high current capabilities of discrete transistors are combined
with a high voltage gain of an op-amp to produce a moderately
powerful amplifier. The voltage gain is set by R2/R1.
Transistors Q1 and Q2 introduce a phase shift, which may
give rise to a high frequency instability and oscillation. This
can be cured by some frequency compensation applied to
the amplifier or by increasing the overall voltage gain.

SCHMITT TRIGGER _
When dc positive feedback is applied around an op-amp, its
output will come to rest in one of two states, that is in its
most positive or most negative position. This type of circuit
is known as a Schmitt Trigger and it is said to exhibit the
property of hysterisis.

Consider the circuit shown in Figure 15. Let us assume that
RB is 2 k and RA is 1 k and the output voltage is +10 V.
Therefore the voltage at the non-inverting terminal is 3V3.
When the input voltage becomes more positive than 3V3, the
output of the op-amp will start to swing negative and in doing
so will increase the voltage difference between the inputs. This
will in turn make the output swing even more negative. Thus
the process becomes regenerative, the output finally ‘snapping’
into its negative state (—10 V say). The only thing that will
now change the op-amp’s output is if the inverting input goes
more negative than the non-inverting input. When this occurs
it will revert back to its original state. The two input voltages
at which these transitions happen are known as the upper and
lower hysterisis levels.

Vour 4
Vourt i
VN
HYSTERYSIS LEVELS |
.
Vout MAX  Ra -
RA RA + RB
Fig. 15. Schmitt trigger configuration. +
R8 Vour
Vin - +
Vour 3 Vin
HYSTERYSIS LEVEL
* Voutr MAX RA
R8
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HIGH PERFORMANCE SAMPLE AND HOLD

It is often necessary to have a circuit that will sample an
analogue voltage and then remember it for a long time without
any significant degradation of that voltage. This is known as a
sample and hold circuit and one of its uses is to store the voltage
from the keyboard connected to an electronic music synthesiser.
The voltage is then used to control the pitch of a voltage
controlled oscillator and so it is very important to have a high
performance sample and hold. A drift of less than one semi-
tone, (80 mV), in ten minutes is required. A sample and hold
is simply an electronic switch, a storage capacitor and a high
input impedance voltage follower. In the circuit shown, when
switch SW1 is positive the FET is turned on, and has a resist-
ance of about 400R. Thus the input voltage charges up the
capacitor through the FET. When SW1 is negative, the FET is
turned off, (pinched off), and can have a resistance of thous-
ands of megohms. To get a long storage time the op-amp must
have a very low input bias current. For the CA3140, this
current is about 10 pico amps, i.e., 10~ amps. Therefore the
rate at which the capacitor will be discharged by this current
can be worked out from the equation, C(dv/dt) =i

where dv/dt is the rate of change of voltage on the capacitor.

Therefore:
10— 11
0.47 X 10~ 6

dv = i = 22 uV/s

dt C

This is a very low drift rate, much better than we need. How-
ever, the actual drift rate will probably be in excess of this,
due to surface leakage on the printed circuit board, leakage
through the FET, and internal leakage in the capacitor. It is
advisable to use a high voltage, non-polarised capacitor in this

R - CA3140
+
vin 1 [y 7T ] O —O
C 470n v OUT
+Ve [ POLYESTER$—{—
400V
D1:=1N914

CA3140

circuit to keep the leakage currents to a minimum. Also, to
stop surface leakage a simple PCB trick can be used, that of
making a guard ring around the sensitive components.

Normally any potential stored on the capacitor may leak
to ground across the surface of the PCB, but if we make the
surrounding surface a conducting track held at the same
potential as that of the capacitor then the potential difference
is virtually always zero, and hence the surface leakage is great-
ly reduced.

CLEANING UP DIGITALLY GENERATED SIGNALS WITH
TWO SAMPLE AND HOLDS AND AN INTEGRATOR

The output from a digital to analogue converter (dac) is
composed of a series of steps which have been selected by a
series of binary numbers. The output of the dac may represent
the result of some computation done by a microprocessor or
the contents of a digital memory. If the number of bits that
control the dac is low (less than eight), then the output will
look like a series of discrete steps, plus lots of digital ‘glitches’.
Therefore, if this signal is to be displayed on an oscilloscope,
the overall picture quality will be very poor. One way to clean
up would be to join up all the steps with straight lines and if
done successfully a great improvement can be obtained. The
only problem is that the distance between steps is continuously
varying and so the slope of the straight lines will need to be
variable as well. This process is known as linear point inter-
polation and can be achieved with two sample and holds and
an integrator.

A delayed gate pulse is generated, so that once the dac’s
output has settled, the sample and hold switches momentarily
open, sample the information and then close. The output of
the first sample and hold (IC1) drives an integrator (1C2), the
output of which drives the second sample and hold (IC3). The
second unit provides negative feedback around the integrator,
but it is delayed by one time interval. Thus a momentary
positive going signal will pass through the first sample and hold
and cause the integrator to ramp in a negative direction. When
the next time interval arrives, the first sample and hold returns
to OV, and the second obtains a negative voltage. This then
causes the integrator to ramp positively. The size of the
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integrator’s capacitor C should be chosen to suit the clock
speed of the dac. An inverter, IC4 has been included to correct
the invertion caused by the integrator.
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FAST SYMMETRICAL ZENER CLAMPING

There are several problems with using zeners, back to back in
series to get symmetrical clamping, the knee of the zener
characteristics is rather sloppy, charge storage in the zeners
causes speed problems and the zeners will have slightly dif-
ferent knee voltages so the symmetry will not be all that
good. This circuit overcomes these problems. By putting the
zener inside a diode bridge the same zener voltage is always
experienced. The voltage errors due to the diodes are much
smaller than those due to the zener. Also the charge storage
of the bridge is much less. Lastly by biasing the zener on all
the time, the knee appears to be much sharper.

NN—O

1N914 3k3  +15v

—15v

OAMAMA— A4
47k 47k vV ouy
Vz +1.2Vv
- (MAXIMUM OUTPUT)
741

R1 R2
100k

100k

1000y our
R6
gy a7k
DIGITAL ON/ .
JOFF CONTROL

TRANSISTOR USED TO TURN AN OP AMP ON OR OFF

When transistor Q1 is switched off, the circuit behaves as a
voltage follower. By applying a positive voltage to the emitter
of Q1 via a 10 k resistor, the transistor is made to turn on and
go into saturation. Thus the lower end of R4 is shorted to
ground. The circuit has now changed into that of a differential
amplifier (see fig. 7), but where the voltage difference is always
0 V. Now as long as the resistors in the two branches around
the op amp are in the same ratio then there should be zero
output. A 4k7 preset is used to null out any ratio errors so
that the ‘OFF’ attenuation is more than 60 dB. The high
common mode rejection ratio of a 741 enables this large
attenuation to be obtained.

No Noise is Good Noise
The last op-amp characteristic to be discussed is ‘Noise’. The
noise fiyures given in the specifications are very confusing.
This is due to the fact that noise is specified in so many
different ways that it is often difficult to compare devices.
One may be specified in terms of Equivalent Input Noise and
another device in terms of nVA/ Hz (nano volts pef root
Hertz)! As a generalisation it is true to say that most op-
amps are relatively noisy. Some op-amps are labelled low
noise, and these are quieter than the average op-amp but more
noisy than a well designed discrete component amplifier. For
audio work you can use ordinary op-amps for processing high
level signals (100 mV to 3 V), but for amplifying low level
signals (1 mV to 100 mV) you would be advised to use a low
noise device. The larger the voltage gain you obtain from an
op-amp stage, the worse will be the noise, therefore keep the
closed loop gain to a bare minimum.

That is the end of the theory, now for some practical
examples of op-amps in use.

For more great circuit ideas. . .
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Project construction and debugging is so much easier if you have the appropriate test equipment. The same applies when servicing
manufactured electronic equipment. Our first Test Gear book was extraordinarily popular. Test Gear 2, assembles 27 of our test
instrument projects published over the last few years in one handy volume, including: 487 Audio Spectrum Analyser, 320 Battery
Condition Indicator, 717 Crosshatch Generator, 135 Digital Panel Meter, 132 Experimenter’s Power Supply, 719 Field Strength/
Power Meter, 140 1GHz Frequency Meter, 141 Logic Trigger, 129 RF Signal Generator, 139 SWR/Power Meter, 222 Transistor
Tester, 148 Versatile Logic Probe — and more. Price: $3.95 plus 55 cents postage and handling, from ETI, Subscription
Department, 15 Boundary St, Rushcutters Bay NSW 2011. Alsc available from newsagents and selected electronics suppliers.
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OPERATIONAL AMPLIFIERS (OP-AMPS) CAN be
simply described as high-gain direct-coupled voltage
amplifier ‘blocks’ that have a single output terminal but
have both inverting and non-inverting input terminals.
Op-amps can readily be used as inverting, non-invert-
ing. and differential amplifiers in both a.c. and d.c.
applications, and can easily be made to act as
oscillators, tone filters, and level switches, etc.

Op-amps are readily available in integrated circuit
form, and as such act as one of the most versatile
building blocks available in electronics today. One of
the most popuiar op-amps presently available is the
device that is universally known as the “741" op-amp
In this article we shall describe the basic features of this
device, and show a wide variety of practical circuits in
which it can be used.

BASIC OP-AMP CHARACTERISTICS AND CIR-
CuITs

In its simplest form, an op-amp consists of a
differential amplifier followed by offset compensation
and output stages, as shown in Fig. 1a. The differential
amplifier has inverting and non-inverting input
terminals, a high-impedance (constant current) tail to

INVEHTING
INPUT

NON INVER VIN(;O
INPUT

Ve RAIL
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(t.lL,l\v'\:MoN o ’e)

Fig. 13 Simplified op-amp equivalent circuit .

gve a high input impedance and a high degree of
common mode signal rejection. [t also has a
high-impedance (constant current) load to give a higin
degree of signal voltage stage gain.

The output of the differential amplifier is fed to a
direct-coupled offset compensation stage, which

¢ —\
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effectively reduces the output offset voltage of the
differential amplifier to zero volts under quiescent
conditions, and the output of the compensation stage is
fed to a simple complementary emitter follower output
stage, which gives a low output impedance.

INVERTING
INPUT =
OP-AMP ouT
NON-INVERTING +
INPUT
Fig.1b Basic op-amp symbol/ .
LINES OF SUPPLY

Op-amps are normaily powered from split power
supplies, providing +ve, ~ve, and common (zero volt)
supply rails, so that the output of the op-amp can swing
either side of the zero volts value, and can be set at a
true zero volts (when zero differential voltage is applied
to the circuits input terminals.)

The input terminals can be used independently (with
the unused terminal grounded) or simultaneously,
enabling the device to function as an inverting,
non-inverting, or differential amplifier. Since the device
is direct-coupled throughout, it can be used to amplify
both a.c. and d.c. input signals. Typically, they give
basic low-frequency voitage gains of about 100 000
between input and output, and have input impedances
of 1M or greater at each input terminal.

Fig. 1b shows the symbol that is commonly used to
represent an op-amp. and 1c shows the basic supply
connections that are used with the device. Note that
both input and output signals of the op-amp are
referenced to the ground or zero volt line.

SIGNAL BOX
The output signal voltage of the op-amp is
proportional to the DIFFERENTIAL signal between its
two nput terminals, and is given by
e(\ul=A0(el—e2)

where A =the open-loop voltage gain of the op-amp
(typically 100 000).

e,=signal voltage at the non-inverting input
terminal.

e,=signal voltage at the inverting input terminal.

Thus, if identical signals are simultaneously applied
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Fig. 1c Basic supply connections of an op-amp.

to both input terminals, the circuit will (ideally) give zero
signal output If a signal is applied to the inverting
terminal only, the circuit gives an amplified and
inverted output- 1f a signal is applied to the
non-inverting termimal only., the circuit gives an
amplified but non-inverted output.

By using external negative feedback components,
the stage gain of the op-amp circuit can be very
precisely controlled.

SUPPLY
+Ve
OP-AMP
REFERENCE + |
VOLTAGE !
le;) samPLE (CBAAe
VoLTAGE  SUPPLY
\ —Vve
j (e,

Fig. 2a Simple differential voltage comparator
circuit.

TRANSFER REQUEST

Fig. 2a shows a very simple application of the
op-amp. This particular circuit is known as a differential
voltage comparator, and has a fixed reference voltage
applied to the inverting input terminal and a variable
test or sample voltage applied to the non-inverting
terminal. When the sampie voltage is more than a few
hundred microvolts above the reference voltage the
op-amp output is driven to saturation in a positive
direction, and when the sample 1s more than a few
hundred microvolts below the reference voltage the
output is driven to saturation in the negative direction.

Fig. 2b shows the voltage transfer characteristics of
the above circuit. Note that it is the magnitude of the
differential input voltage that dictates the magnitude of
the output voltage, and that the absolute values of input
voltage are of httle importance. Thus, if a 1V reference
is used and a differential voltage of only 200uV is
needed to switch the output from a negative to a
positive saturation level, this change can be caused by a
shift of only 0.02% on a 1V signal applied to the
sample input. The circut thus functions as a precision
voltage comparator or balance detector

SUPPLY
Ve

, tVe SATURATION

DIFFERENTIAL
3 4 (81 92) INPUT

-Ve SATURATION '

Ve
SUPPLY

Fig. 2b Transfer characteristics of the differential
voltaye comparator circuit.

GOING TO GROUND

The op-amp can be made to function as a low-level
inverting d.c. amplifier by simply grounding the
non-inverting terminal and feeding the input signal to

+Ve
SUPPLY

OP-AMP
+

INPUT
OUTPUT

-Ve
SUPPLY
ov

Fig. 3a Simple open-loop inverting
d.c. amplifier.

the inverting terminal, as shown in Fig. 3a. The op-amp
is used ‘open-locp (without feedback) in this
configuration and thus gives a voltage gain of about
100 000 and has an input impedance of about 1M
The disadvantage of this circurt is that its parameters
are dictated by the actual op-amp, and are subject to
considerable variation between individual devices

CLOSING LOOPS

A far rnore useful way of employing the op-amp is to
use it in the closed-loop mode, i.e., with negative
feedback fig. 3b shows the method of applying
negative feedback to make a fixed-gain nverting dc
amplifier. Here, the parameters of the circuit are
controlled by feedback resistors R, and R, The gain, A
of the circuit is dictated by the ratios of R, and R, and
equals R,/ R, '

The gan is wvirtually independent of the op-amp
charactenstics, provided that the open-loop gan (A ) 1s
large relative to the closed-loop gain (A) The input
impedance of the circuit 1s equal 10 R, and agamn is
virtually independent of the op-amp characteristics
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It should be noted at this point that although R and
R2 control the gain of the complete circuit, they have
no effect on the parameters of the actual op-amp, and
the full open-loop gain of the op-amp is still available
between its inverting input terminal and the output.
Similarly, the inverting terminal continues to have a
very high input impedance, and negligible signal
current flows into the inverting terminal. Consquently,
virtually all of the R, signal current also flows in R,, and

SUPPLY
+Ve

R1
INPUT OUTPUT

R2

G

-0
Fig. 4a Basic non-inverting d.c. amplifier

signal currents i, and i, can be regarded as being
equal. as indicated in the diagram.

Since the signal voltage appearing at the output
terminal end of R, is A times greater than that
appearing at the inverting terminal end, the current
flowing in R, is A times greater than that caused by the
inverting terminal signat only. Consequently, R, has an
apparent value of R,/A when looked at from its
inverting terminal end, and the R,-R, junction thus
appears as a low-impedance VIRTUAL GROUND point.

—AAAA—
' R2
SUPPLY
R1 4, +Ve
O AN
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INPUT
VIRTUAL
GROUND OUTPUT
POINT UPPLY
ov
o— > Q

Fig. 3b Basic closed-loop inverting d.c. amplifier.

INVERT OR NOT TO INVERT . ..

It can be seen from the above description that the
Fig. 3b circuit is very versatile. lts gain and input
impedance can be very precisely controlled by suitable
choice of R, and R,, and are unaffected by variations in
the op-amp characteristics. A similar thing is true of the
non-inverting d.c. amplifier circuit shown in Fig. 4a. In
this case the voltage gain is equal to (R,+R,)/R, and
the nput impedance is approximately equal to
(Ay/A)Zin where Zin is the open-loop input impedance
of the op-amp. A great advantage of this circuit is that it
has a very high input impedance.

18

FOLLOW THAT VOLTAGE

The op-amp can be made to function as a precision
voltage follower by connecting it as a unity-gain
non-inverting d.c. amplifier, as shown in Fig. 4b. In this
case the input and output voltages of the circuit are
identical, but the input impedance is very high and is
roughly equal to Ay X Z_.

The basic op-amp circuits of Figs. 2a to 4b are
shown as d.c. amplifiers, but can readily be adapted for
a.c. use. Op-amps also have many applications other
than as simple amplifiers. They can easily be made to
function as precision phase splitters, as adders or
subtractors, as active filters or selective amplifiers, as
precision half-wave or full-wave rectifiers, and as
oscillators or multivibrators, etc.

SUPPLY
+Ve
—20
OUTPUT
oV
O o)

Fig. 4b Basic unity-gain d.c. voltage follower

OP-AMP PARAMETERS

An ideal op-amp would have an infinite input
impedance, zero output impedance, infinite gain and
infinite bandwidth, and would give perfect tracking
between input and output. Practical op-amps fall far
short of this ideal, and have finite gain, bandwidth, etc.,
and give tracking errors between the input and output
signais. Consequently, various performance parameters
are detailed on op-amp data sheets, and indicate the
measure of “goodness” of the particular device. The
most important of these parameters are detailed below.

OPEN-LOOP VOLTAGE GAIN, A, This is the
low-frequency voltage gain occuring directly between
the input and output terminals of the op-amp, and may
be expressed in direct terms or in terms of dB.

Typically, d.c. gain figures of modern op-amps are
100 000. or 100dB.

INPUT IMPEDANCE, Z_. This is the impedance
looking directly into the input terminals of the op-amp
when it is used open-loop. and is usually expressed in
terms of resistance only. Values of 1M are typical of
modern op-amps with bi-polar input stages, while
F.E.T. input types have impedances of a million meg or
greater

OUTPUT IMPEDANCE, Z, This is the output
impedance of the basic op-amp when it is used
open-loop. and is usually expressed in terms of
resistance only. Values of a few hundred ohms are
typical of modern op-amps.

INPUT BIAS CURRENT, I,. Many op-amps use bipolar
transistor input stages, and draw a small bias current
from the input terminals. The magnitude of this current
is denoted by |, and is typically only a fraction of a
microamp.
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SUPPLY VOLTAGE RANGE, V, Op-amps are usually
operated from two sets of supply rails, and these
supplies must be within maximum and minimum
limits. If the supply voltages are too high the op-amp
may be damaged. and if the supply voltages are too low
the op-amp will not function correctly. Typical supply
limits are *3V to * 15V

INPUT VOLTAGE RANGE, V... The input voltage to
the op-amp must never be allowed to exceed the supply
line voltages, or the op-amp may be damaged. V, _  is
usually specified as being one or two volts less than v,

OUTPUT VOLTAGE RANGE. V... If the op-

amp is over driven its output will saturate and be
limited by the available supply voltages, so V  1s
usually specified as being one or two volts less than V,

DIFFERENTIAL INPUT OFFSET VOLTAGE,

V., In the ideal op-amp perfect tracking would
exist between the input and output terminals of the
device, and the output would register zero when both
inputs were grounded. Actual op-amps are not perfect
devices, however, and in practice slight imbalances
exist within their input circuitry and effectively cause a
small offset or bias potential to be applied to the input
terminals of the op-amp. Typically, this DIFFERENTIAL
INPUT OFFSET VOLTAGE has a value of only a few
millivolts, but when this voltage is amplified by the gain
of the circuit in which the op-amp is used it may be
sufficient to drive the op-amp output to saturation.
Because of this, most op-amps have some facility for
externally nulling out the offset voltage

COMMON MODE REJECTION RATION, c.m.r.r. The

ideal op-amp produces an output that is proportionat to
the difference between the two signals applied to its
input terminals, and produces zero output when
dentical signals are applied to both inputs simultan-
eously, 1.e., in common mode. In practical op-amps
common mode signals do not entirely cancel out, and
produce a small signal at the op-amps output terminal
The ability of the op-amp to reject common mode
signals is usually expressed in terms of common mode
rejection ratio, which 1s the ratio of the op-amps gain
with differential signals to the op-amps gain with
common mode signals. C.m.r.r. values of 90dB are
typical of modern op-amps.

TRANSITION FREQUENCY, f.. An op-amp typically
gives a low-frequency voltage gain of about 100dB,
and in the interest of stability its open-ioop frequency
response is tailored so that the gain falls off as the
frequency rises, and falls to unity at a transition
frequency denoted f;. Usually, the response falls off ata
rate of 6dB per octave or 20dB per decade. Fig 5
shows the typical response curve of the type 741
op-amp, which has an f; of 1MHz and a low frequency
gain of 100dB.

Note that, when the op-amp is used in a closed-ioop
amplifier circuit, the bandwidth of the circuit depends
on the closed-loop gain |f the amplifier is used to give a
gain of 60dB its bandwidth is only 1kHz, and if 1t is
used to give a gain of 20dB its bandwidth is 100kHz

The f, figure can thus be used to represent a
gain-bandwidth product

+1204 DASHED LINES = CLOSED-LOOP

RESPONSE
+100

+804+ — — - - —

604~ —————— OPEN-LOOP

RESPONSE
+404——— - — — — = —

420+ —— — - — D

0+-———— - - - -

-20

1 10 1(')0 1'k 1('jk 160k 1;VI 16;
FREQUENCY —Hz

Fig. 5 Typical frequency response curve
of the 741 op-amp.

PARAMETER 741 VALUE

A, OPEN LOOP VOLTAGE GAIN 10008
Zin INPUT IMPEDANCE ™M

b4 QUTPUT IMPEDANCE 150R
Iy INPUT BIAS CURRENT 200nA
Vs imaxs MAXIMUM SUPPLY VOL TAGE -18V
Vi imaxi MAXIMUM INPUT VOLTAGE 3V
Vo iMax} MAXIMUM OUTPUT VOLTAGE *18v
v, DIFFERENTIAL INPUT OFFSET VOLTAGE 2mv
cmme COMMON MODE REJECTION RATIO 90d8
Fr TRANSITION FREQUENCY 1MHZ
S SLEW RATE 1V/uS

Table 1 Typical characteristics of the 741 op-amp.

SLEW RATE. As well as being subject to normal
bandwidth limitations, op-amps are also subject to a
phenomenon known as slew rate limiting. which has
the effect of Iimiting the maximum rate of change of
voltage at the output of the device. Slew rate is
normally specified in terms of volts per microsecond,
and values in the range 1V /us to 10V /us are common
with most popular types of op-amp. One effect of slew
rate limiting is to make a greater bandwidth available to
small output signals than is available to large output
signals.

THE 741 OP-AMP.

Early types of i.c. op-amp, such as the well known
709 type, suffered from a number of design
weaknesses. In particular, they were prone to a
phenomenon known as INPUT LATCH-UP, in which
the input circuitry tended to switch into a locked state it
special precautions were not taken when con-
necting the input signals to the input terminals, and
tended to self-destruct if a short circuit were
inadvertently placed across the op-amp output
terminals. In addition, the op-amps were prone to
bursting into unwanted oscillations when used in the
linear amplifier mode, and required the use of external
frequency compensation components for stability
control.

These weaknesses have been eliminated in the type
741 op-amp. This device is immune to input latch-up
problems, has built-in output short circuit protection,
and does not require the use of external frequency
compensation components. The typical performance
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OFFSET
NC \"Ad OUT NULL
r=9 ol

r=y

1

L= L=
OFFSET “
NULL  INPUT INPUT (AND CASE)
8 pin Minidip or DIP 741 TOS 741
(TOP VIEW)

(Top View)

Fig. 6 Outlines and pin connections of the two
most popular 741 packages.

characteristics of the device are listed in Table 1

The type 741 op-amp is marketed by most i1.¢
manufacturers, and is very readily available Fig. 6
shows the two most commonly used forms of
packaging of the device Throughout this chapter, all
practical circuits are based on the standard 8-pin
dual-in-line (D.I.L. or DIP) version of the 741 op-amp

our

10k
{(OFFSET NULL)

TO SUPPLY
—Ve

Fig. 7 Method of applying offset nulling to the
741 op-amp.

The 741 op-amp can be provided with external
offset nulling by wiring a 10k pot between its two null
terminals and taking the pot shider to the negative
supply rail. as shown in Fig. 7

Having cleared up these basic points, let's now go
on and look at a range of practical applications of the
741 op-amp

R2
™M
R1
10k
O—AAAA—

——0

INPUT
9V OuUTPUT
ov

Fig. 8a x100 inverting d.c. amplifier.
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ouUTPUT
R3

10k

O OVC

Fig. 8b Variable gain (x1 to x100) inverting
d.c. amplifier,

BASIC LINEAR AMPLIFIER PROJECTS. (Figs. 8 to
1).

Figs. 8 to 11 show a variety of ways of using the
741 in basic linear amplifier applications.

The 741 can be made to function as an inverting
amphtier by grounding the non-inverting input terminal
and feeding the input signal to the inverting terminal.
The voltage gain of the circuit can be precisely
controlled by selecting suitable values of external
feedback resistance. Fig. 8a shows the practical
connections of an inverting d.c. amplifier with a pre-set
gain of x100 The voltage gain is determined by the
ratios of R, and R,, as shown in the diagram.

The gain can be readily altered by using alternative
R, and/or R, values If required, the gain can be made
vaniable by using a series combination of a fixed and a
variable resistor in place of R,, as shown in the circuit of
Fig. 8b, in which the gain can be varied over the range
x1 t0 x100 via R,

VARIATIONS

A vanation of the basic inverting d.c. amplifier is
shown in Fig. 9a. Here, the feedback connection to R,
1s taken from the output of the R;—R, output potential
divider, rather than directly from the output of the
op-amp, and the voltage gain i1s determined by the
ratios of this divider as well as by the values of R, and

—AAM—
R2
™
R1
™
O—AAAA—

R3

10k
INPUT
OuUTPUT
R4
100R
ov
o— %)

Fig. 9a High impedance x 100 inverting d.c. amplifier.

R,. The important feature of this circuit is that it enables
R,. which determines the input impedance of the
circuit, to be given a high value if required, while at the
same time enabling high voltage gain to be achieved.
The basic inverting d.c. amplifier can be adapted for
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a.c. use by simply wiring blocking capacitors in series
with its input and output terminals, as shown in the
x100 inverting a.c. amplifier circuit of Fig. 9b.

C1

oA

INPUT
OUTPUT
ov
o o

Fig. 9b x100 inverting a.c. amplifier.

NON-INVERTING . ..

The amp can be made to function as a non-inverting
amplifier by feeding the input signal to its non-inverting
terminal and applying negative feedback to the
inverting terminal via a resistive potential divider that is
connected across the op-amp output. Fig. 10a shows
the connections for making a fixed gain (x100) d.c.
amplifier.

The voltage gain of the Fig. 10a circuit is determined
by the ratios of R, and R, If R, is given a value of zero
the gain falls to unity, and if R, is given a value of zero
the gain rises towards infinity (but in practice is limited
to the open-loop gain of the op-amp). If required, the
gain can be made variable by replacing R, with a

+9V
2Nz
L 741 s
3
o + 14
- R2
2N 100k
INPUT OUTPUT
R1
1k01
o— Yo

Fig.10a Non-inverting x 100 d.c. amplifier.

potentiometer and connecting the pot slider to the
inverting terminal of the op-amp, as shown in the circuit
of Fig. 10b The gain of this circuit can be varied over
the range x1 to x100 via R,

... AND RESISTANCE TO INPUTS

A major advantage of the non-inverting d.c. amplifier
is that it has a very high input resistance. In theory, the
input resistance is equal to the open-loop input
resistance (typically 1M) multiplied by the open-loop
voltage gain (typically 100 000) divided by the actual

circuit voltage gain. In practice, input resistance values
of hundreds of megohms can readily be obtained.

RV1

5 100k
INPUT OUTPUT
R1
1k01
o- —%0o

Fig. 10b Non-inverting variable gain (x1 to x100) d.c. amplifier.

BLOCKING OUT

The basic non-inverting d c. circuit of Fig. 10 can be
modified to operate as a.c. amphfiers in a variety of
ways. The most obvious approach here is to simply wire
blocking capacitors in series with the inputs and
outputs, but in such cases the input terminal must be
d.c. grounded via a suitable resistor, as shown by R; in
the non-inverting x100 a.c. amplifier of Fig. 11a. if this
resistor is not used the op-amp will have no d.c.
stability, and its output will rapidly drift into saturation.
Clearly, the input resistance of the Fig. 11a circuit is
equal to R, and R, must have a relatively low value in
the interest of d ¢ stability This circuit thus loses the
non-inverting amplifier's basic advantage of high input
resistance

2 c2
out
c1 7
oul l—-()
o 34
R2
100k
NEaT OUTPUT
R3 R1
100k 101
v
o ¢ — Yo

Fig. 11a Non-inverting, high input-impedance,
x100 a.c. amplifier.

DRIFTING INTO STABILITY

A useful development of the Fig. 11a circuit is
shown in Fig. 11b. Here, the values of R, and R, are
increased and a blocking capacitor is interposed
between them At practical operating frequencies this
capacitor has a negligible impedance. so the voltage
gain is still determined by the ratios of the two resistors
Because of the inclusion of the blocking capacitor,
however, the inverting terminal of the op-amp is
subjected to virtually 100% d.c. negative feedback
from the output terminal of the op-amp, and the circuit
thus has excellent d.c. stability. The low end of R; is
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connected to the C;~R, junction, rather than directly to
the ground line, and the signal voltage appearing at this
point is virtually identical with that appearing at the
non-tnverting terminal of the op-amp-

2 c2
o
c1 7
Ou l——O
0—| 3
R2
™
R OUTPUT
100k
Poin EP- o2
INPUT POLARISED) == 2
R1
10k1

Fig. 116  Non-inverting x 100 a.c. amplifier.

Consequently, identical signal voltages appear at
both ends of R;, and the apparent impedance of this
resistor i1s increased close to infinity by bootstrap action.

This circuit thus has good d.c. stability and a very
high input impedance  In practice, this circuit gives a
typical input impedance of about 50M.

VOLTAGE FOLLOWER PROJECTS (Figs. 12 to 13).

A 741 can be made to function as a precision
voltage follower by connecting it as a unity-gain
non-inverting amplifier. Fig. 12a shows the practical
connections for making a d.c. voltage follower. Here,
the input signal is applied directly to the non-inverting
terminal of the op-amp, and the inverting terminal is
connected directly to the output, so the circuit has
100% d.c. negative feedback and acts as a unity-gain
non-inverting d.c. amplifier.

The output signal voltage of the circuit is virtually
identical to that of the input, so the output is said to
‘follow’ the input voltage. The great advantage of this
circuit is that it has a very high input impedance (as
high as hundreds of megohms) and a very low output
impedance (as low as a few ohms). The circuit acts
effectively as an impedance transformer.

OUTPUT
INPUT

o— Yo

Fig. 12a d.c. voltage follower.

22

PRACTICE, AND ITS LIMITS

In practice the output of the basic Fig. 12a circuit
will follow the input to within a couple of millivolts up to
magnitudes within a volt or so of the supply line
potentials. If required, the circuit can be made to follow
to within a few microvolts by adding the offset null
facility to the op-amp.

The d.c. voltage follower can be adapted for a.c. use
by wiring blocking capacitors in series with its input and
output terminals and by d.c.-coupling the non-inverting
terminal of the op-amp to the zero volts line via a
suitable resistor, as shown by R, in Fig. 12b. R, shouid
have a value less than a couple of megohms, and
restricts the available input impedance of the voltage
follower.

LACED UP OHMS

If a very high input-impedance a.c. voltage follower
is needed, the circuit of Fig. 12¢c can be used. Here, R1
is boostrapped from the output of the op-amp, and its
apparent impedance is greatly increased. This circuit
has a typical impedance of hundreds of megohms.

c2
Oul
c1 T
oul >—|}—'0
OUTPUT
R1
INPUT m
o ov
Fig. 12b a.c. voltage follower.
+9V
c2
£ 7 ou1
c11 6
ou 741 ’_'||_O
o—{ 3
t Ta
-9V
R1
100k OUTPUT
(NON ——t C3
e POLARISED)TZuZ
R2
10k
ov
o I %o

Fig. 12c Very high input-impedance a.c. voltage
follower,

DRIVING CIRCUITS AMP-LY

The 741 op-amp is capable of providing output
currents up to about 5mA, and this is consequently the
current-driving limit of the three voltage follower
circuits that we have looked at so far. The
current-driving capabilities of the circuits can readily be
increased by wiring simple or complementary emitter
follower booster stages between the op-amp output
terminals and the outputs of the actual circuits, as
shown in Figs. 13a and 13b respectively.

Note in each case that the base-emitter junction(s) of
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the output transistor(s) are included in the negative
feedback loop of the circuit Consequently, the 600mV
knee voltage of each junction is effectively reduced by a
factor equal to the open-loop gain of the op-amp. so the
junctions do not adversely effect the voltage-following
characteristics of either circuit.

The Fig. 13a circuit is able to source current only,
and can be regarded as a unidirectional, positive-going.
d.c. voltage follower. The Fig. 13b circuit can both
source and sink output currents, and thus gives
bidirectiona! follower action. Each circuit has a
current-driving capacity of about 50mA" This figure is
dictated by the limited power rating of the specified
output transistors' The drive capability can be increased
by using alternative transistors.

a1
2N3704
+—oO
INPUT
OUTPUT
R1
10k
ov
o "o

Fig. 13a Unidirectional d.c. voltage follower with boosted
output (variable from OV to +8V at 50mA.)

™

INPUT ouTePuT
R1
10k
ov
o —0

Fig. 13b Bidirectional d.c. voitage follower with boosted
output (variable from OV tot 38V at 50mA).

MISC AMP PROJECTS (Figs. 14 to 22)

Figs. 14 to 22 show a miscellaneous assortment of
741 amplifier projects, ranging from d.c. adding circuits
to frequency-selective amplifiers.

Fig. 14 shows the circuit of a unity-gain inverting d.c.
adder, which gives an output voltage that is equal to the
sum of the three input voltages. Here, input resistors R,
to R, and feedback resistor R, each have the same
value, and the circuit thus acts as a unity-gain inverting
d.c. amplifier between each input terminal and the
output. Since the current flowing in each input resistor
also flows in feedback resistor R, the total current
flowing in R, 1s equal to the sum of the input currents,
and the output voltage is equal to the negative sum of the
input voltages. The circuit is shown with only three input
connections, but in fact can be provided with any
number of input terminals. The circuit can be made to
function as aso-called ‘audio mixer’ by wiring blocking
capacitors in series with each input terminal and with
the output terminal.

INPUT
2

INPUT
3

|

O

Fig. 14 Unity-gain inverting d.c. adder, or ‘audio mixer’.

FIG. 15 shows how two unity-gain inverting d.c.
amplifiers can be wired in series to make a precision
unity-gain balanced phase-splitter. The output of
the first amplifier is an inverted version of the input
signal, and the output of the second amplifier is a
non-inverted version.

-O

auTryT
1

ONVERTED!

uTeyY |
2

WWNVIRTED

Fig. 15 Unity-gain balanced d.c. phase-splitter.

FIG. 16 shows how a 741 can be used as a
unity-gain differential d.c. amplifier The output of this
circuit is equal to the difference between the two input
signals or voltages, or to e,-e,” Thus, the circuit can also
be used as a subtractor. In this type of circuit the
component values are chosen such that R,/R,=R,/R,
in which case the voltage gain A ,=R,/R, The circuit
can thus be made to give voltage gain if required.
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Fig. 16 Unity-gain differential d.c. amplifier, or subtractor.

amplifier, and may be altered to satisfy individual
needs.

FIG. 17 shows the amp can be made to act as a
non-linear (semi-log) a.c. voltage amplifier by using a
couple of ordinary silicon diodes as feedback elements.
The voltage gain of the circuit depends on the
magnitude of applied input signal, and is high when
input signals are low, and low when input signals are
high. The measured performance of the circuit is shown
in the table, and can be varied by using alternative R,
values.

M —
R2
10k
R1 +9v
10k TO 10M 6
(SENSITIVITY] - e
o1
v
R4
INPUT LO0K
QUTPUT
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2N3819
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o— —0
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SOmV SO0 mV SV NN 2HSV
20mv 200 mV v 0 Vv METRY
10mVv 100 mV 1v 10 VvV 2V
5V SO mv S00 mv S v RYTAN
2mV 20mv 200 mv AR Y MITERY
I mV 10mV 100 mV 1 v I 48\
SO0 uV Smv SOmv SO0 mV [TEUAN
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Fig. 18 Circuit and performance details of constant-volume

amplifier.
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Fig. 17 Circuit and performance table of non-linear
{semi-log) a.c. voltage amplifier.

FIG. 18 shows how the 741 can be used together
with a junction-type field-effect transistor (JFET) to
make a so-called constant-volume amplifier The action
of this type of circuitis such that its peak output voltage
is held sensibly constant. without distortion, over a
wide range of input signal levels, and this particular
circuit gives a sensibly constant output over a 30dB
range of input signal levels

The measured performance of the circuit is shown in
the table. C, determines the response time of the

24

The action of the Fig. 18 circuit relies on the fact that
the JFET can act as a voltage-controlled resistance which
appears as a low value when zero bias is applied to its
gate and as a high resistance when its gate is negatively
biased. The JFET and R, act as a gain-determining a.c.
voltage divider (via C,), and the bias to the JFET gate is
derived from the circuits output via the D,-C, network.
When the circuit output is low the JFET appears as a
low resistance, and the op-amp gives high voltage gain.

When the circuit output is high the JFET appears as
a high resistance, and the op-amp gives low voltage
gain. The output level of the circuit is thus held sensibly
constant by negative feedback.

c1 R1
20n 10k
INPUT
OQUTPUT
oV
O— O

Fig. 19 1kHz tuned f(acceptor) amplifier {twin-T).
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CHOOSE YOUR FREQUENCY

The 741 op-amp can be made to function as a
frequency-selective amplifier by connecting
frequency-sensitive networks into its feedback loops.
Fig. 19 shows how a twin-T network can be connected to
the op-amp so thatitactsasa tuned (acceptor) amplifier,
and Fig. 20 shows how the same twin-T network can be
connected so that the op-amp acts as a notch (rejector)
filter. The values of the twin-T network are chosen such
that R,=R,=2 X R,, and C,=C,/2, in which case its
centre (tuned) frequency =1/6.28 R,.C,. With the
component values shown, both circuits are tuned to
approximately 1kHz.

— AAAA
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R2 3 R6
16k 8k g5k 270k
—— ANAA—4
+9v
11 1 ¢
13k 100 10n
o—/\/\N\-—l—P 4}
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Fig. 21 Variable low-pass filter, covering 2.2kHz to 24kHz.
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Fig. 22 Variable high-pass filter, coverimg 235Hz to 2.8kHz.

Finally, to complete this section, Figs. 21 and 22
show the circuits of a couple of variable-frequency
audio filters. The Fig. 21 circuit is that of a low-pass
filter which covers the range 2 .2kHz to 24kHz, and the
Fig. 22 circuit is that of a high-pass filter which covers
the range 235Hz to 2.8kHz. In each case, the circuit
gives unity gain to signais beyond its cut-off frequency,
and gives a 2nd order response (a change of 12dB per
octave) to signals within its range.

INSTRUMENTATION PROJECTS (Figs. 23 to 31)

Figs. 23 to 31 show a variety of instrumentation
projects in which the 741 can be used. The circuits
range from a simple voltage regulator to a linear-scale
ohmmeter

OouUTPUT
0--12V
0-50mA

—0

Fig. 23 Simple variable-voltage supply.

FIG. 23 shows the circuit of a simple vanable-vol-
tage power supply, which gives a stable output that is
fully adjustable from OV to 12V at currents up to a
maximum of about 50mA. The operation of the circuit is
quite simple. ZD, is a zener diode, and is energised from
the positive supply line via R,. A constant reference
potential of 12V is developed across the zener diode,
and is fed to variable potential divider RV,

The output of this divider is fully variable from OV to
12V, and is fed -to the non-inverting input of the
op-amp. The op-amp is wired as a unity-gain voltage
follower, with Q, connected as an emitter follower
current-booster stage in series with its output

Thus, the output voltage of the circuit follows the
voltage set at the op-amp input via RV, and is fully
variable from OV to 12V. Note that the circuit uses an
18V positive supply and a 9V negative supply.

Also note that the voltage range of the above circuit
can be increased by using higher zener and unregulated
supply voltages, and that its current capacity can be
increased by using one or more power transistors in
place of Q,.

FIG. 24 shows how a 741 op-amp can be used as
the basis of a stabilised power supply unit (P.S.U.) that
covers the range 3V to 30V at currents up to 1A. Here,
the voltage supply to the op-amp is stabilized at 33V via
ZD,, and a highly temperature-stable reference of 3Vis
fed to the input of the op-amp via ZD,.

The op-amp and output transistors Q,-Q, are wired
as a variable-gain non-inverting d.c. amplifier, with gain
variable from unity to x10 via RV,, and the output
voltage is thus fully variable from 3V to 30V via RV, The
output voltage is fully stabilized by negative feedback.
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Fig. 24 3V - 30V, 0-1 amp stabilised p.s.u.

FIG. 25 shows how overload protection can be
applied to the above circuit. Here, current-sensing
resistor R, is wired in series with the output of the
regulator. and cut-out transistor Q, is driven from this
resistor and is wired so that its base-collector junction is
able to short the base-emitter junction of the Q,-Q
output transistor stage.

Normally, Q, is inoperative, and has no effect on the
circuit, but when P.S.U. output currents exceed 1A a
potential in excess of 600mV is developed across R,
and biases Q, on, thus causing Q, to shunt the
base-emitter junction of the Q,-Q, output stage and
hence reducing the output current Heavy negative
feedback takes place in this action, and the output
current is automatically limited to 1A. even under
short-circuit conditions.
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2N3055
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? 33v
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Fig. 25 3V - 30V stabilised p.s.u. with overload protection.
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FIG. 26a shows how a 741 can be used in
conjunction with a couple of silicon diodes as a
precision half-wave rectifier. Conventional diodes act as
imperfect rectifiers of low-level a.c. signals, because
they do not begin to conduct significantly until the
applied signal voltage exceeds a 'knee’ value of about
600mV.

When diodes are wired into the negative feedback
loop of the circuit as shown the ‘knee’ voltage is
effectively reduced by a factor equal to the open-loop
gain of the op-amp, and the circuit thus acts like a
near-perfect rectifier

The overall voltage gain of the Fig. 26a circuit is
dictated by the ratios of R, and R, to R,, as in the case
of a conventional inverting amplifier, and this circuit
thus gives a gain of unity. The circuit can be made to

R3
10k
——O
AC
INPUT HALF-WAVE
{+Ve)
OUTPUT
ov
(o —0O

Fig. 26a Precision unity-gain half-wave rectifier.

act as a precision half-wave a.c./d.c. converter by
designing it to give a voltage gain of 222 to give
form-factor correction, and by integrating its rectifier
output, as shown in Fig. 26b.

Note that each of the Fig. 26 circuits has a high
output impedance, and the outputs must both be fed into
foads having impedances less than about 1M

u 10k
AC
INPUT
{0-2V RMS)
o

Fig. 26b Precision half-wave a.c./d.c. converter.

FIG. 27 shows how op-amp can be used as a
high-performance d.c. voltmeter converter, which can
be used to convert any 1V f.s.d. meter with a sensitivity
better than 1k/V into a voltmeter that can read any
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value in the range 1mV to 10V f.s.d. at a sensitivity of
1M/V- The voltage range is determined by the R,
value, and the table shows some suitable values for
common voltage ranges.

FIG. 28 shows a simple circuit that can be used to
convert a TmA fs.d. meter into a d.c. voltmeter with
any f.s.d. value in the range 100mV to 1000V, or into
a d.c. current meter with any f.s.d. value in the range
1uA to 1A Suitable component values for different
ranges are shown in the tables.
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Fig. 28 Simple d.c. voltage or current meter.

FIG. 29 shows the circuit of a precision d.c.
millivoltmeter, which uses a TmA f.s.d. meter to read
f.s.d. voltages from 1mV to 1000mV in seven
switch-selected ranges.

FIG. 30 shows the basic circuit of a precision a.c.
volt or millivolt meter. This circuit can be used with any
moving-coil meter with a full scale current value in the
range 100uA to 5mA, and can be made to give any full
scale a.c. voltage reading in the range 1mV to
1000mV. The tables show the alternative values of R,
and R, that must be used to satisfy different basic meter
sensitivities, and the values of R; and R, that must be
used for different f.s.d. voltage sensitivities.

HOME OHM

Finally, to conclude, Fig. 31 shows how the 741
op-amp can be used in conjuncton with a 1mA f.s.d.
meter to make a linear-scale ohmmeter that has five
decade ranges from 1k to 10M.

The circuit is divided into two parts, and consists of a
voltage generator that is used to generate a standard test
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Fig. 30 Precision a.c. volt/millivolt meter.
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Fig. 31 Linear-scale ohmmeter.

voltage, and a readout unit which indicates the value of
the resistor under test.

The voltage generator section of the circuit comprises
zener diode ZD,, transistor Q,, and resistors R, to R,.
The action of these components is such that a stable
reference potential of 1V is developed across R,. butis
adjustable over a limited range via RV,. This voltage is
fed to the input of the op-amp readout unit. The op-amp
is wired as an inverting d.c. amplifier, with the 1mA
meter and RV; forming a 1V f.s.d. meter across its
output, and with the op-amp gain determined by the
values of ranging resistors Ry to Ry and by negative
feedback resistor R,.

Since the input to the amplifier is fixed at 1V, the
output voltage reading of the meter is directly
proportional to the value of R,, and equals full scale
when R, and the ranging resistor values are equal.
Consequently, the circuit functions as a linear-scale
ohmmeter.

CALIBRATION

The procedure for initially calibrating the Fig. 31
circuit is as follows: First, switch the unit to 10k
range and fix an accurate 10k§ resistor in the R,
position. Now adjust Ry, to give an accurate 1V across
R, and thenadjust RV, to give a precise full scale
reading on the meter. All adjustments are then
complete, and the circuit is ready for use.

MISCELLANEOUS 741 PROJECTS

The 741 op-amp can be used as the basis of
a vast range of miscellaneous projects, including
oscillators and sensing circuits. Four such projects are
described in this final section.

FIG. 32 shows how the 741 op-amp can be
connected as a variable-frequency wien-bridge oscilla-
tor, which covers the basic range 150Hz to 1.5kHz, and
uses a low-current lamp for amplitude stabilisation. The
output amplitude of the oscillator is variable via RV, and
has a typical maximum value of 2.5V r.m.s. and a t.h.d.
value of 0.1%. The frequency range of the circuit is
inversely proportional to the C,-C, values' The circuit
can give a useful performance up to a maximum
frequency of about 25kHz.
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Fig.32 150Hz - 1.5kHz Wien-bridge oscillator.

Fig. 33 shows how either a 741 or a 709 op-amp
can be connected as a simple variable-frequency
square-wave generator that covers the range 500Hz to
5kHz via a single variable resistor. (The circuit produces
a good symmetrical waveform.)

The frequency of oscillation is inversely proportional
to the C, value, and can be reduced by increasing the
C, value, or vice-versa. The amplitude of the square
wave output signal can be made variable, if required,
by wiring a 10k{ variable potential divider across the
output terminals of the circuit and taking the output
from between the pot slider and the zero volts line.

R1
86k

R2
100k

-9V 500Hz

RV1
100k

-~ OuTPUT
FREQUENCY ‘
J—C‘I 5kH2
b end VTR | R3
10k
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Fig.33 Simple 500Hz - 5kHz square wave generator.

FIGS. 34 and 35 show a couple of useful ways of
using the 741 op-amp in the open-loop differential
voltage comparator mode. In each case, the circuits are
powered from single-ended 12V supplies, and have a
fixed half-supply reference voltage applied to the
non-inverting op-amp terminal via the R,-R, potential
divider and have a variable voitage applied to the
inverting op-amp terminal via a variable potential
divider.

The circuit action is such that the op-amp output is
driven to negative saturation (and the relay is driven on)
when the variable input voltage is greater than the
reference voltage. Conversely, the op-amp output is
driven to positive saturation (and the relay is cut off) when
the variable input voltage is less than the reference
voltage.
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Fig. 34 Precision frost or under temperature switch can
be made to act as a fire or over temperature switch by transposing
R and TH  positions.

FROSTY RECEPTION

The Fig. 34 circuit is that of a precision frost or
under-temperature switch, which drives the relay on
when the temperature sensed by thermistor TH, falls
below a value pre-set via RV, The circuit action can be
reversed, so that it operates as a fire or over-tempera-
ture switch, by simply transposing the RV, and the TH
positions. In either case, TH, can be any negative-tem-
perature-coefficient thermistor that presents a resis-
tance in the range 900% to 9k{ at the required trp
temperature.

RLA
[: 12V RELAY
COIL 180R
OR GREATER
oV
o)
Fig. 35 Precision light-activated switch can be made to act as a
dark-activated switch by transposing Ry and L DR positions.

D1
1N4001

LIGHT WORK

The Fig. 35 circuit is that of a precision light-activated
switch, which turns the relay on when the illumination
level sensed by light-dependent resistor LDR exceeds a
value pre-set by RV, The circuit action can be reversed
so that the relay turns on when the iliuminauon falls
below a pre-set level by simply transposing the RV, and
LDR positions. In either case. the LDR can be any
cadmium-sulphide photocell that presents a resistance
in the range 9009 to 9k{) at the desired switch-on level @
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Lab N otes%

Using the 3080 1C

This remarkable IC is quite different to run-of-the-mill op-
amps as it has a “control” pin that varies the device's
transconductance as the current into this input is varied.
These circuits illustrate various ways to use the device —

from an original
Tim Orr.

THE CA3080 IS KNOWN as an opera-
tional  transconductance  amplifier
(OTA). Thisisa type of op-amp, the gain
of which can be varied by means of a
control current, (Iapc). The device has a
differential input, a control input
known as the ‘amplifier bias input’ and
a current output. It differs in many re-
spects from conventional op-amps and it
is these differences that can be used to
realise many useful circuit blocks.

Voltage controlled amplifier

The CA3080 can be used as a gain con-
trolling device. A useful circuit is shown
in Figure 1. The input signal is attenu-
ated by R1, R2 such that a 20 mV peak-
to-peak signal is applied to the input
terminals. If this voltage is much
larger, then significant distortion will
occur at the output. In fact, this distor-
tion is put to good use in the triangle-to-
sinewave converter. (Figure 3, but we're
Jjumping the gun).

The gain of the circuit is controlled by
the magnitude of the current [5g¢. This
current flows into the CA3080 at pin 5,
which is held at one diode voltage drop
above the —Vccrail. If you connect pin 5
to 0V, then this diode will get zapped
(and so will the IC!). The maximum
value of Ixpc permitted is 1 mA and the
device is ‘linear’ over four decades of
this current. That is, the gain of the CA
3080 is ‘linearly’ proportional to the
magnitude of the I g current over a
range of 0.1uA to 1mA. Thus, by
controlling Iapc, we can control the
signal level at the output.
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manuscript by UK correspondent,

The output is a current output which
has to be ‘dumped’ into a resistive load
(R5) to produce a voltage output. The
output impedance seen at IC1 pin 6 is
10k (R5), but this is ‘unloaded’ by the
voltage follower (IC2) to produce a low
output impedance.

The circuit involving IC3 is a pre-
cision voltage-to-current converter and
this can be used to generate I,pc. When
Vin (control) is positive, it linearly

SIGNAL
INPUT

2Vpp ( O

+Vee
RV1
100k
CONTROL
BREAKTHROUGH
ADJUST
- Vce

controls the gain of the circuit. When it
is negative, Ippc is zero and so the gain
is zero.

This type of circuit is known by
several names. It is a voltage controlled
amplifier, (VCA), or an amplitude
modulator, or a two quadrant
multiplier.

One problem that occurs with the
CA3080 is that of the ‘input offset
voltage’. This is a small voltage diffe-

r_o) ouTPUT
7777

k iaBc

R7

10k

Vin {CONTROL)
0V TO +5V max

Figure 1. A voltage controlied amplifier. Gain is varied by varying RV1. You can modulate a signal passing
through the amplifier by joining the “link’ and applying a modulating signal to the input of IC3 (at R7). This
sort of circuit is also known as a ‘two quadrant multiplier'.
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Figure 2. lliustrating the operation of the voltage
controlled amplifier shown in Figure 1.
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rence, or ‘offset’, between its input
terminals. When there is no signal in-
put and the control input is varied, a
voltage similar to the control input will
appear at the output. By adjusting RV1
it is possible to null out most of this
control breakthrough.

The effect of modulating Vin (control)
is illustrated in Figure 2.

Triangle to sinewave
converter

By overloading the input of a CA3080 it
is possible to produce a ‘sinusoidal’
transfer function. That is, if a triangle
waveform of the correct magnitude is
applied to the CA3080 input, the output
will be distorted in such a way as to
produce a sinewave approximation.

POWERED FROM & 12V

INPUT

DISTORTION
ADJUST Weeis

Figure 3. This circuit will convert a triangle wave to
a sinewave with a resultant distortion of around
1.8%.

In the circuit shown (Figure 3), RV1is
adjusted so that the output waveform
resembles a sinewave. I tested this
circuit using an automatic distortion
analyser and found the sinewave distor-
tion to be only 1.8%, mostly third
harmonic distortion which, for such a
simple arrangement, seems very
reasonable indeed. This could be used to
produce a sinewave output from a
triangle/square wave oscillator.

4Vpp
\/ THD 1.8%
OUTPUT
UNDER
DISTORTED

\/

OVER
DISTORTED

\J

Figure 4. The output of the Figure 3 circuit should
be adjusted (by RV1) to produce the waveform
shown at top.

t tasc
PROTECTION
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10k
Vin CA3080 —0
POWER FROM | vour
t12v
R2
10k
A+ your
PR - » 4+ Vin
- ‘i < HYSTERESIS

IAaBC CONTROLS HYSTERESIS
LEVELS AND OUTPUT LEVEL

Figure 6. This sort of Schmitt trigger is not only
simple but you can specify the hysteresis levels
as well!

OUTPUT

A+

A

- + INPUT

\

— TRANSFER
FUNCTION

Figure 5. Transfer function of the Figure 3 circuit.

VHYST *
vin

V HYST =

v ouT

Figure 7. How the Schmitt trigger of Figure 6
works.

The result of varying RV1 is
illustrated in Figure 4 and the transfer
function of the circuit is shown in
Figure 5.

Schmitt trigger

Most Schmitt trigger circuits prove to
be very complicated when it comes to
calculating the hysteresis levels.
However, by using the CA3080 these
calculations are rendered trivial, plus
there is the added bonus of fast
operation. The hysteresis levels are cal-
culated from the simple equation,

VHyst = +/— (Iapc X R2)

The output squarewave level is in fact
equal in magnitude to the hysteresis
levels. The circuit operation is as
follows (referring to Figure 7):

Imagine the output voltage is high.
The output voltage will then be equal to
(R2 X Ianc) which we will call + VHysr.
If VIN becomes more positive than
+ VHysrt, the output will start to move in
a negative direction, which will in-
crease the voltage between the input
terminals which will further accelerate
the speed of the output movement. This p
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SELECTED DATA ON THE 3080

The device has high input impedance and its transconduc-
tance (gm} is directly proportional to the amplifier bias current
(laBc)-

High slew rate with progi gain make the
3080 an ideal choice for variable gain applications such as
sample and hold, multiplexing, filtering, and multiplying.

Electricai characteristics, 3080 (Note 1).

Parameter Conditions Min. Typ. Max. Units
Forward Transconductance (gm) 6700 9600 13000 umho
Over Specified Temp. Range 5400 umho
Peak Output Current R =0,iagc = 5uA 5 uA
R =0 350 500 650 uA
R =0 300 uA
Over Specified Temp.Range
Peak Output Voltage
Positive R = ,5uA lagc S500uA +12 +14.2 v
tive RL= .5uA Izgc 500uA -12 -14.4 v
Amplifier Supply Current 1.1 mA
Common Mode Rejection Ratio 80 110 dB
Common Mode Range +/-12 +/-14 v +) INPFUT
Input Resisiance 10 26 k 3
Open Loop Bandwidth 2 MHz
Slew Rate Unity Gain Compensated 50 V/us
'AMP D
1
Note 1: Thase specifications apply for Vg = +/-15Vand Tp = 25°C, amplifier bias current (Iagc) = S00uA, BIAS |gPUT

unless otherwise specified.

© Extended gm linearity
© Flexible supply voltage range: +/-2Vto +/-18V

® Adjustable power consumption

Absolute maximum ratings

Supply Voltage 3080 +/-18V
Power Dissipation 250 mw

Transconductance Input and Output Capacitance Output Resistance
108 7 ' 104
S ~Vs- 115V
£ } ghi it §
3 " | =
[ | 5 3
= ~ § CIN » z 10
£ HH -s6°c 5 @ g
= 1 ! g T ra T s
3 o |
= 10 +25°C = ; g 102
g :
. a -
= 1 +125°C s , g
g 102 > 10
z = . Vs=215V o
= t : 1 Ta=+25°C [T]
w LI . o LI 11 ,
0.1 1.0 10 100 1090 9.1 1.0 10 100 1000 0.1 1.0 10 100 1000
1ABC—-AMPLIFIER BIAS CURRENT (uA) 1ABC-AMPLIFIER BIAS CURRENT (uA) tABC—AMPLIFIER BIAS CURRENT (uA)
Pesk Cutput Voitage and
Common Mode Range input Resistance Amplifier Supply Current
15 TTTYIT 102 04
k e QUT ! = ;: = Vg= 215V E
| Y i —— i + - — : : X
I e, T T 3 S
<2 i = 1 & L - o) x
Ll i s 10 = z !
bt I [ I 1 ! 2 =SE2 ] &
-1 il 11 5 famdasi . 3 & +26°C
32 U5 v sy l z 0+ t— o 2 — -56°C
>% 0 L RLoap = - * > 402
-] 5 1 13 o 1
se Ta = +25°C { & === 2
=% .13 ' w = e 3 3 e
5 i = o 5 4 =
= ' vewn| |||/l £ b et . £ w0 I
=3 -1 v —t 2 & = E
= Voyr | s z 3
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Fm! B8N 4 HE h i < -
cll L i ! o0y LLLL UL .
0.1 1.0 10 100 1000 0.1 1.0 10 100 1000 0.1 1.0 10 100 1000
1a8C-AMPLIFIER BIAS CURRENT (uA) 1aBCc~AMPLIFIER BIAS CURRENT (uA) 1agCc-AMPLIFIER BIAS CURRENT (uA)
General description Features Differential input Voltage +/-5V
The 3080 is a progi ble transcor block intended o Slew rate (unity gain compensated): 50 V/us Ampiifier Bias Current (Iapc) 2mA
to fulfil a wide variety of variable gain applications. The 3080 * Fully adjustable gain: 0 to gm R|_limit DC Input Vohage +/Vgto —Vg
has differential inputs and high impedance push-pull outputs. Output Short Circuit Duration Indefinite

Internal circuit of the 3080
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Figure 8. This voltage controlled
oscillator has a square and a tri-
angle output. By varying the input
between —5 V and +5 V, the output
frequency can be varied over the
range 10 Hz to 10 kHz. Note that Q1
and Q2 should be a matched pair.
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is known as regenerative feedback and
is responsible for the Schmitt trigger
action. The output snaps into a negative
state at a voltage equal to —(R2 X Iapc)
which is designated as —Vuyst. Only
when VIn becomes more negative than
—VHuyst will the output change back to
the +Vuysr state.

The Schmitt trigger is a very useful
building block for detecting two discrete
voltage levels and finds many uses in
circuit designs.

Voltage controlled oscillator

By using two CA3080s and some 741
op-amps it is possible to make an oscilla-
tor, the frequency of which is voltage
controllable. This unit finds many
applications in the fields of electronic
music production and test equipment.

The circuit (Figure 8) has been given
a logarithmic control law, that is, the
frequency of operation doubles for every
volt increase in the control voltage. This
makes it ideal for musical applications
where linear control voltages need to be
converted into musical intervals (which
are logarithmically spaced) and also for
audio testing where frequencies are
generally measured as logarithmic
functions.

A\ 4

APROXIMATELY
10kHz FOR lagc =0.5mA
10Hz FOR 1 pogc =0.5uA

J

One CA3080, IC2, is an integrator.
The Iapc current that drives this IC is
used to either charge or discharge C1.
This produces triangular waveforms
which are buffered by IC3, which then
drives the Schmitt trigger IC4. The
hysteresis levels for this device are
fixed at +/—1.5 V, being determined by
R6 and R7.

The output of the Schmitt trigger is
fed back in such a way as to control the
direction of motion of the integrator’s
output. If the Schmitt output is high,
then the integrator will ramp upwards
and vice versa.

Imagine that the integrator is ramp-
ing upwards. When the integrator’s
output reaches the upper hysteresis
level, the Schmitt will flip into its low
state, and the integrator will start to
ramp downwards. When it reaches the
low hysteresis level the Schmitt will flip
back into its high state. Thus the inte-
grator ramps up and down in between
the two hysteresis levels.

The speed at which it does this, and
hence the oscillating frequency, is de-
termined by the value of Ispc for IC2.

+1.5v

VAN

- 1.5V

The larger the current, the faster the
capacitor is charged and discharged.

Two outputs are produced, a triangle
wave (buffered) from IC3 and a square-
wave (unbuffered) from IC4. If the
squarewave output is loaded, then the
oscillation frequency will change so a
buffer is advisable.

Ve {l
+5 —
+4 |—
+3
2 |-
w FREQUENCY
- 9 1 1 1 1 o
= ] T T 1 vt
S . 10Hz 100Hz / 1kHz  10kHz LOG
-2
-3}
Y
-5
Ve y LOG CONTROL LAW

Figure 9. Voltage versus frequency characteristic
of the Figure 9 circuit.
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The log. law generator is composed of
Q1, 2, 3 and IC1. Transistors Q1 and Q2
should be matched so that their base
emitter voltages (Vbe) are the same for
the same emitter current, (50uA).
Matching these devices to within 5 mV
is satisfactory, although unmatched
pairs could be used. When matching
transistors, take care not to touch
them with your fingers. This will
heat them up and produce erroneous
measurements.

Transistor Q2 is used to produce a
reference voltage of about —0.6V,
which is connected to IC1 pin 3. This
op-amp and Q3 is used to keep the
emitter of Q1 at the same voltage of
—0.6 V. The input control voltage is
attenuated by R1, R2 such thata +1V
increase at the input produces a change
of only +18 mV at the base of Q1. How-
ever, the emitter of Q1 is fixed at
—0.6 V, so the current through Ql
doubles. (It is a property of transistors
that the collector current doubles for
every 18 mV increase in Vbe).

The emitter current of Q1 flows
through Q3 and into IC2, thus con-
trolling the oscillator frequency. It is
possible to get a control range of over
1000 to 1 using this circuit. With the
values shown, operation from 10 Hz to
10 kHz is achieved. Reducing C1 to 1n
will increase the maximum frequency
to 100 kHz, although the waveform
quality may be somewhat degraded.

Changing C1 to 1uF (non-polarised)
will give a minimum frequency of
0.1 Hz.

Fast comparator

The high slew rate of the CA3080 makes
it an excellent fast voltage comparator
and a circuit is shown in Figure 10.
When pin 2 of IC1 is more positive than
Vref, the output of IC1 goes negative
and vice versa. Vref can be moved
around so that the point at which the
output changes can be varied. Aslong as
the input sinewave level is quite large
(1 V say) then the output can be made to
move at very fast rates indeed. How-
ever, care must be taken to avoid
overloading the inputs. If the differen-
tial input voltage exceeds 5 V, then the
input stage breaks down and may cause
an undesired output to occur.

One use of a fast comparator is in a
tone burst generator. A circuit is shown
in Figure 11. This device produces
bursts of sinewaves, the burst starting

34
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and finishing on axis crossings of the
sinusoid. The CA3080 is configured
here as a voltage comparator, used to
detect these axis crossings and to pro-
duce a square wave output which then
drives a binary divider (IC3). The
divider produces a ‘divide by sixteen’
output which is high for eight sinewave
cycles and then low for the next eight.
This signal is then used to gate ON and
OFF the sinewave.

The gate mechanism is a pair of tran-
sistors which short the sinewave to
ground when the divider output is high
and let it pass when the divider output
is low. The resulting output is a
toneburst.

Vin
o 2[_\4 5 ] vou t
CA3080 —>
+
1
?ou IV e
R3
10k
Vref

Figure 10. Example of a fast comparator.

However, if the comparator is not p
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Figure 11. A fast compara-
tor is used in this tone burst
generator, producing eight
cycles of tone with eight
cycle breaks starting and
finishing at on-axis

crossings. ON
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Figure 12. This slew rate limiter circuit produces a linear ramp on signals which exceed the slew rate limit,
the output amplitude stopping when it reaches the signal level.
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very fast then there will be a delay in
generating the gate and so the tone
burst will not start or finish on axis
crossings.

Using the circuit shown, operation up
to 20 kHz is obtainable.

Slew limiter

The current output of a CA3080 can be
used to produce a controlled slew
limiter. By connecting the output
current to a capacitor, the output
voltage-cannot move faster than a rate
given by

Slew Rate = Lapc Volts per sec.

C1
Note that Ispc determines the slew rate
and as Iapc is a variable then so is the
slew rate.

A suitable circuit is shown in Figure
12. The output voltage is buffered by a
voltage follower, IC2. This is a
MOSFET op-amp which has a very high
input impedance, which is necessary to
minimise the loading on C1.

When an input signal is applied to
IC1 the output tries to move towards
this voltage but its speed is limited by
the slew rate. Thus, the output produces
a linear ramp which stops when it
reaches the input signal level.

Sample and hold

A typical application of the slew limiter
circuit is in a sample and hold circuit.
The circuit in Figure 13 could be termed
an analogue memory. When the control
voltage is high, the circuit will ‘re-
member’ or ‘hold’ the input voltage level
present at the time. The result is shown
in Figure 14.

OUTPUT SUPERIMPOSED
UPON THE INPUT\

INPUT /
VOLTAGE J
SAMPLE
=~ T
Coon T- 100n T- CONTROL .
- 2v

o

Figure 13. A typical application of the slew rate limiter is this sample and hold circuit.

HOLO

i,‘._.
OUTPUT |
1

- L L

Figure 14. lllustrating the operation of the sample
and hold circuit of Figure 13.
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In this circuit, [zpc is either hard ON
(sample) or completely OFF (hold). In
the sample mode, the output voltage
quickly adjusts itself so that it equals
the input voltage. This enables a short
sample period to be used.

In the HOLD mode, Iapc is zero and so
the voltage on C1 should remain fixed.

Such circuits are used in music
synthesizers (to remember the pitch), in
analogue-to-digital converters and
many other applications.

A multiplier/modulator

The CA3080 is basically a two-
quadrant multiplier, that is, it has two
inputs, one of which can accept bipolar
signals (positive and negative going) —
the inverting or the non-inverting input
— the other can only accept a unipolar
signal — the control input, pin 5.

Whilst a two-quadrant multiplier is
very useful in a wide variety of appli-
cations, a four-quadrant multiplier has
extra advantages. For example, apart
from amplitude modulation, it can
perform frequency doubling and ring
modulation. See Figure 16. Now, a four-
quadrant multiplier has two inputs,
both of which can accept bipolar signals.
An example of a four-quadrant multi-
plier is a frequency converter in a radio
receiver. The familiar diode ring mixer
is another example of a four-quadrant
multiplier.

The circuit in Figure 15 is fairly
similar to that of the two-quadrant
multiplier shown in Figure 1. This cir-
cuit has several important differences.
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Figure 16. lllustrating the various operations of the
four quadrant multiplier of Figure 15.
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Figure 15. This multiplier/modulator can be used to produce a ‘Dalek’ voice when working as a ring

modulator. It can also be used as a frequency doubler.

A 741 op-amp, IC3, is used to generate
IaBc in such a way that its input, the 'Y’
input, can go both positive and negative.
Thus, the Y input is bipolar.

When Y is at zero volts (no input) and
there is a signal on the X input the de-
sired output (X x Y) should be zero. This
is achieved by adjusting RV1 so that the
signal via IC1 (this is inverted) is
exactly cancelled out by that via R3.
Now, when Y is increased positively, a
non-inverted value of X is produced at
the output and, when Y is increased
negatively, an inverted value of X is
produced. When Y is zero, so is the out-
put. This is known sometimes as ring
modulation.

If a speech signal is connected to the X
input and an audio oscillator to the Y
input, the resulting sound is that of a
‘Dalek’.

Also, if a sinewave is connected to
both the X and Y inputs, the XY product
is a sinewave of twice the frequency.
This is known as a frequency doubler,
but it will only work with sinewaves.

For more theoretical information on
four-quadrant multipliers, especially
the variable transconductance type, see

“Operational Amplifiers” (second edi-
tion), by G.B. Clayton, published by
Newnes-Butterworths and available in
Australia through Butterworths, 586
Pacific Highway, Chatswood NSW
2067. (02)412-3444.

Single pole filter/wah wah

The guitar ‘wah wah’ effects unit
employs a filter which can be manually
‘swept’ across the middle of the audio
frequency range, generally from around
500 Hz to 5 kHz or so, producing the
peculiar ‘wah wah’ sound.

A single pole, voltage-controlled, low
pass filter can be constructed using a
CA3080 as a current-controlled re-
sistor. The circuit is showh in Figure 17.

A simple, low pass RC filter configu-
ration is employed, the controllable ‘R’
is the CA3080 and the ‘C’is C1. Varying
Iagc varies the amount of current drive
to C1. This circuit configuration would
normally be a slew limiter, except that
the signal level to the input of the
CA3080 is kept deliberately low (R1 and
R2 form a 100:1 attenuator) so that the
IC operates in its linear mode. This en-
ables it to look like a variable resistor.p»
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Figure 17. A guitar wah-wah unit can be made with 1aBC
(max 0.5mA}

a swept frequency single pole filter.
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R1
180k

c1
100n

When this resistor is varied, the break
frequency of the filter also varies.

By applying some positive feedback
around the filter (R6, C2) it is possible to
produce a peaky filter response. The
peak actually increases with frequency,
producing the wah wah effect.

The circuit as shown can be swept
from about 400 Hz at the lower extreme
to about 4 kHz at the upper extreme.
See Figure 18.

\~ WITH POSITIVE
FEEDBACK
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-648/0CTAVE

FREQUENCY

400Hz 5kHz

Figure 18. How the single pole filter affects the
frequency response of the signal passed through
the wah wah unit.
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Figure 19. A swept frequency, volt-
age controlled dual filter. This
circuit includes a band pass and a
low pass filter, both of which can be
simultaneously swept over the
range 7 Hz to 7 kHz, approximately.
The Q can be varied by means of
the 10k ‘Q Control' potentiometer.
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Voltage controlled filter

A standard dual integrator filter can be
constructed using a few CA3080s. By

Dual-In-Line Package

varying Iagc, the resonant frequency

can be swept over a 1000 to 1 range. IC1 Ne U | 8 \c

and IC3 are two current-controlled in- 2 7
tegrators. IC2 and IC4 are voltage =) INPUT = — v+
followers which serve to buffer the high s PN 3 ey
impedance outputs of the integrators. A # B
third CA3080 (C5) is used to control the Ve — P ks T
Q factor of the filter. Q factors as high as

50 can be obtained. The resonant fre- TOP VIEW TOP VIEW

quency of the filter is linearly propor-
tional to Iapc and hence this unit
is very useful in electronic music
production.

There are two outputs, a low pass and
a band pass response. Minimum fre-
quency is around 7 Hz to 10 Hz, upper
frequency is around 7kHz or so.
Changing C2 and C3 will alter the
upper and lower frequency limits. @

Figure 20. lllustrating the operation of the filters in
the Figure 19 circuit.
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This series provides an inexpensive intro to modern electronics. Although

written for readers with no more than basic arithmetic skills, maths is not

avoided — all the maths is taught as the reader progresses.

The course concentrates on the understanding of concepts central to elec-

tronics, rather than continually digressing over the whole field. Once the

fundamentals are learned the workings of most other things are soon re-

vealed. The author anticipates where difficulties lie and guides the reader

through them.

BOOK 1 (BP62): All fundamental theory necessary to full understanding of
simple electronic circuits and components.

BOOK 2 (BP63): Alternating current theory.

BOOK 3 (BP64): Semiconductor technology leading to transistors and ICs.

BOOK 4 (BP77): Microprocessing systems and circuits.

BOOK 5 (BP89): Communications.

This series constitutes a complete inexpensive electronics course of in-

estimable value in hobby or career.

Books 1/2/3  $8.25 (each)

Books 4/5 $10.80 (each)

plus $1.35 postage (postage free if all five ordered at same time).
Order from Babani Books, Electronics Today International, 15 Boundary St, Rushcutters Bay NSW
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Design your next filter the easy way — this article by Tim Orr
shows you how.

THERE ARE THREE main types of
filtter — low-pass, band-pass, and
high-pass. Each does more or less what
its name implies. A low pass filter passes
all frequencies below the so-called ‘roll-
off’ point and increasingly blocks ali
frequencies above this point. A
band-pass filter passes all frequencies
above a lower ‘roll-off’ point and below
a higher roll-off point. A high-pass filter
passes all frequencies above the roll-off
point.

Firstly, consider the simple low-pass
filter shown in Fig. 1a. The frequency
response (shown in Fig 1b) is nearly flat
until the break point — shown as fb.
Above this point the response rolls off
at 6 dB/octave. The break point is defin-
ed as the frequency where the resistance
equals the capacitive reactance. At this
point the output is attentuated to 0.707
(-3 dB} of the input. Although the
resistance equals the capacitive
reactance, the output is not half of the
input, It is the vector sum of the two
and hence is 0.707 of the input.

As the frequency response is a
complex curve it is commonly approxi-
mated by a straight line. Such a line is
called an asymptote (Fig. 1c). Note the
frequency response graph uses logarith-
mic scales, octave or decades along the
frequency axis, and dBs along the
vertical axis representing output voltage
divided by input voltage.

Phase shift with respect to frequency
is often plotted as in Fig. 1d. Phase and
frequency response plots are also known
as Bode diagrams and are most useful in
showing a filter’s performance.

Note that for the low-pass filter of
Fig. 1a, phase shift starts at 0° is 45° at
fb and approaches 90° as frequency
approaches infinity. This is not an active
filter. 1t is made up from passive com-
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_——SLOPE APPROACHES
-6 dB / OCTAVE

WHERE fb IS IN H2
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Fig 1a. Simple low pass filter
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Fig 1b. Frequency response
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Fig. 1c Approximation to response

OoP AMP
VOLTAGE
FOLLOWER

ponents and its output cannot be loaded
substantially without changing its
performance.

Figure 1e shows the same filter in
active form, the op amp being used as
a voltage follower serving only to
isolate the filter’s output. This configur-
ation is known as a first order filter —

Fig. 1d Phase shift v Frequency plot

Fig. Te. Active filter to perform
the same task as the passive
circuit of Fig. 1a

Summary of low pass filter of Fig. 1

Filter type Low pass

Filter order First order

Roll off slope —6dB/octave
Breakpoint fb th=1/2nCR Hz
Phase shift at fb | 45°
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the expression ‘first order’ being an
indication of the roll-off slope.

When a steeper slope is required, a
higher order filter (that is, one with
more elements) must be used. These are
dealt with later.

Passing Highs

The simple high-pass filter shown in Fig
2a is the complement of the low-pass
filter — the elements have simply been
interchanged. Hence the complementary
curves of Fig 2b. Note the break point
and roll-off slope are similar.

Passing bands

A simple band-pass filter is shown in Fig
3a. Although it uses an inductor this is
only to illustrate the band-pass theory.

The frequency response (Fig 3b) is
symmetrical, rolling off at 6 dB/octave
on either side of its peak. This filter is
called a second order filter because it
has two reactive sections (L and C). The
C produces the +6 dB/octave portion of
the slope, the L the -6 dB portion. The
response of the filter peaks, and the
slopes become much steeper where
these two slopes meet.

The sharpness of the peak determines
the quality of the filter (Q). Resonance
occurs at the frequency known as the
centre frequency — shown on our
drawing as fc.
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Fig. 2a. Simple high-pass active filter.
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The band-pass filter is so-called
because it passes signals within a certain
bandwidth. This bandwidth is defined
as being the frequency range contained
between the two points that are 3 dB
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Fig. 2b. Frequency response (above) and
Phase response (left) of the high pass filter.

Summary of the high pass filter of Fig. 2

High pass
First order

Filter type
Filter order
Roll off slope -+ 6dB/octeve
Break point fb  [fh=1/2CR Hz
Phase shift at fb | 45°

TABLE 2

below the resonant peak. Thus there is a
fixed relationship between centre
frequency (fc), bandwidth (fbw), and Q.
The centre frequency is fc = 1/2m/LC.

20°
fc

Fig 3c Band-pass phase response
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Fig 3a Simple band-pass filter
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Fig. 3b. Band-pass frequency response
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This is only approximate as it assumes
that the value of R is relatively low.
As R decreases, the Q increases. Thus R
has the effect of damping the
resonances, and as it approaches zero
ohms, Q approaches infinity.

The ph