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Starting an in-depth look at the =ner's favourite chip, 
the operational . 

n circuits built from discrete com-
ponents, a large proportion of the 
design effort is absorbed in trying to 
minimize the imperfections and un­
predictability of the components 
used. In building a low frequency 
gain stage with a bipolar transistor, 
for example, beginners quickly learn 

that a current bias circuit (Fig. la) is no 
good because the wide variation in cur­
rent gain between different samples of 
transistors of the same type means the 
base bias resistor must be selected by 
trial and error for each individual device. 

The potentiometer bias circuit (Fig. 
lb) reduces the circuit's sensitivity to 
transistor gain; with suitable choice of 
resistor values the circuit can accom­
modate any transistor of a given type 
without modification. The price paid for 
this convenience is partly that the signal 
headroom is reduced because of the 
voltage across the emitter resistor, but 
mainly that the circuit as a whole has very 
much less gain than the transistor itself. 
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very useful one: Figures ~c ll?d ld show ciratit. (d) Simulating a large capacitor. 
two non-amplifier applications of the 
idea The first is a simple (and not very 
satisfactory) Miller integrator, where the 
transistor is used to linearize the charging 
of a capacitor. The second uses a transis­
tor to simulate a very large capacitor 
(roughly h(fe) x C), at least as far as charg­
ing is concerned 

The drawback of transistors is that in­
dividually they don't have a lot of gain to 
give up. Useful circuit building blocks are 
made not from one but several devices. 
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They also suffer from being direct em­
bodiments of a basic physical process and 
make about as much concession to practi­
cally as a piece of-school laboratory equip­
ment. The 0.7V base-emitter voltage exists 
not because designers want it that way, but 
because that's how transistors are. It's how 
the physics works. 

A good case can be made for the view 
that op amps have more in common with 
discrete components than with other ICs. 

Used raw, without any associated passive 
components, they are totally unmanage­
able, but just connect a few external 
components and a very wide range of 
useful circuit building blocks can be 
made. 

The most striking advantage of op 
amps over transistors is that the available 
gain is several orders of magnitude higher, 
allowing very precise control over the 
circuit's characteristics with a single 
device. What's more, the external connec­
tions are arranged for the convenience of 
the designer, not constrained by the 
demands of physics. 

However, like discrete components, 
op amps have their own imperfections 
and idiosyncrasies. Technology has 
moved the decimal points a few places, 
but greater performance seems to lead 
inevitably to greater expectations. There 
is always somebody who can think of an 
application which would be possible if 
only the latest device were just that little 
bit better. 

Coaxing the best performance from 
op amps is still the same mixture of art 
and science as for discrete components. 
In this series of articles I intend to cover 
the basic techniques and also to touch 

on some of the finer points of designing 
with these versatile devices. 

Op ampiCs 
With most families of ICs the pin con­
figuration for each member has to be 
learned individually but with op amps it's 
easy. They come packaged in ones, twos 
or fours and the pin connections are al­
most always the same for any brand (Fig. 
2a). High performance devices are usually 
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packaged individually in the 8-pin DIL 
or T099 package and the spare pins may 
be used for offset cancellation or external 
compensation but the basic configuration 
of inputs, outputs and supply connec­
tions is usually adhered to. 

Op amps are very tolerant of supply 
voltages. Most will operate with single 
supplies from below 10V to above 35V. 
Some (particularly those intended for 
battery operation) will run from as little 
as 4V. Voltages above 40V are rare but 
you can have that if you want it (and can 
afford it.). 

Op amps circuits are usually run from 
split rail supplies (Fig. 2b, 2c). This is be­
cause the limits of the input and output 
voltages for correct operation fall short 
of the supply voltages, so the central OV 
rail is a useful bias and reference point. 
(Note that although data sheets often 
give absolute maximum input voltages as 
being equal to the supply voltages, this 
rating shows the most 
the IC will suffer 
without damage, not 
the range in which it will 
operate properly). 
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Fig. 2(a) Op amp pin connections. 
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the voltage exactly halfway in betWeen, so 
vern = 112(v( +) + v(-). The differential 
mode voltage is centered neatly on the 
common mode voltage. 

Varying RV1 will have no effect on 
the output voltage, regardless of the set­
ting of RV2. Varying RV2 will give an 
output exactly one million times the 
reading on M2, regardless of the setting 
ofRV1. Just to make sure you've got the 
hang of it, if M1 shows - 6.22V, M2 
shows + 3.2u V,. what is the common 
mode input voltage? The differential 
mode input voltage? The voltages at the 
+ and - inputs? Most important of all, 
what is the output voltage? Answers at 
the bottom of the page. 

Amplifiers 
About the first thing anybody learns 
about op amps is that they can be used to 
make amplifiers with a gain precisely 
controlled by the values of a pair of resis-
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tors. Figure 4a shows 
one of the ways this can 
be done. 
Having read some­
where that the gain is 
given by -R2/R1, my 
fantasy is that the cir­
cuit of Fig. 4a has a 
gain of -10. I'll try to 
prove it to you. 

The first thing to 
notice is that if vin is OV, 
the output will also be at 
OV. If it tried to go just a 

Op amp Basics 
Let's indulge in a flight 
of fancy for a moment. 
We've just received a 
sample of the very latest 
op amp. It has extreme­
ly low drift and offset, 
superb common mode 
rejection, very low 
noise, bias currents of Fig. 2(b ), (c) Split mil power supplies for op amp circuits. 

teensy bit positive, the 
potential divider action 
of R1 and R2 would 1nA - in short it's the 

kind ofiC any manufacturer would love to 
produce. Unless I say otherwise, it's this 
$200 Rolls Royce of op amps that we'll be 
using in this article. Let's see how it be­
haves. 

The IC has a voltage gain of 106. This 
means the output will be 106 x difference in 
the input voltages, taking into account 
which is the higher in voltage. If the 
+input is 1uV higher than the -input, the 
output will be at + 1V. If the -input is 1uV 
above the +input, the output will be at -
1V. If the two inputs are at the same volt­
age, the output will sit firmly at OV. 

Connect together the two inputs and 
vary their common voltage by means of a 
pot (Fig. 3a). The output will sit firmly at 
OV regardless of the setting of the pot (it 
won't follow the input voltage) because 
there is no difference between the two 
input voltages. This shows that the IC has 
excellent (perfect, in fact.) conunon mode 
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rejection - it ignores voltages common to 
both inputs. 

Figure 3b shows the IC's response to a 
differential mode signal. You have to im­
agine here that if the pot is set at the 
centre of its rotation, both voltage sources 
are zero. If it is rotated clockwise, v1 gives 
a light positive voltage and v2 gives an 
equal negative one. If the pot is rotated 
anticlockwise, v1 will be negative and v2 
the same amount positive. If you are'hap­
pier looking at a more concrete circuit, 
Fig. 3c shows one that will do the trick. 

The centre-zero microvolt meter M1 
registers the differential mode voltage. 
The output of the op amp will be one mil­
lion times the voltage shown on the meter. 

Figure 3d combines a common mode 
voltage (set by RV1 and shown on M1) 
and a differential mode voltage (set by 
RV2 and registered on M2). When the 
two inputs are not at the same voltage, 
their common mode voltage is defined as 

put a positive voltage on the - input, which 
would tend to push the output back towards 
OV. If it tried to go negative, the resulting 
negative voltage on the - input would force 
it back up again. 

In a way it's like one of those children's 
toys with weighted bases that always settle 
in the vertical position after being knock­
ed Any attempt to push to the op amp's 
output voltage by brute force results in a 
restoring force which will push the output 
back to OV as soon as you let go. 

Suppose that vin is increased to 1V. If 
I'm right about the gain being -10, the out­
put will now want to settle at -10V. If so 
the voltage at the -input will be OV, exactly 
the same at the +input so the output must 
also be at OV. What's gone wrong? It can't 
be at -10V and OV at the same time. 

The fault lies in my faith in rule-of­
thumb calculations. The formula -R2/R1 
for the gain is a very good approximation 
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for most practical purposes, but it's not 
exact. 

Suppose that Vout settled at just a lit­
tle above -lOV. This would allow just 
enough positive voltage on the - input 
to be amplified up a million times and 
maintain the output at this voltage. Once 
again, the weighted base action comes 
into play. Any attempt to shift the output 
from this voltage results in a restoring 
force (using the term loosely.) which 
tends to force it back again. If you fmd 
the idea of "just a little above -lOY" too 
vague, don't worry. The calculations will 
be along in just a moment. 

One way of looking at the circuit is to 
see it as a kind of voltage lever. The arms 
of the lever will be proportional to the 
resistor values and the pivot will be at the 
-input terminal of the amplifier. 

Pushing down on the input (lowering 
the voltage) makes the output rise ten 
times as far. The pivot is just a little bit 
loose - it moves just one millionth of 
the distance of the output arm, in the op­
posite direction. 

If you don't care for mechanical 
analogies, perhaps reasoning from basic 
electronic principles is more up your 
street. Assuming the amplifier input only 
takes loA of current 
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Fig. 3( a) Applying a conunon mode voltage. (b) A 
differential mode voltage. (c) Applying a differen­
tial mode voltage. (d) Common and differential in­
puts combined. 

gible current (I'll have to fudge this bit 
for the time being or things will get im­
possibly complicated. I'll come back to it 
later) then i(l) = i(2), so: 

Vin- V(-) = V(-) - Vout 

Rl R2 

We also know that the gain of the op 
amp is 10(6), so v(-) = - 10(-6) Vout, 
giving: 

~ + 10"6vout = _ _l_o_·6v_ou_t Vout 

Rl Rl R2 R2 

It's usual at this stage to point out that 
the terms involving 10(-6)Vout are very 
much smaller than either of the other two 
terms (can you spot a condition where 
one or other wouldn't be?) and so can be 
neglected, giving: 

Vin :::::: _ Vout or Vout = _ R2 

Rl R2 Vin Rl 

which leads to the usual rule-of-thumb 
formula for the gain of - R2/Rl. If we 
pursue the calculation to the bitter end 
without eliminating the two inconvenient 
terms, we end up with the exact formula 
for the gain, which is: 

Vout R2 

Rl + 10"6 (Rl+R2) 

and since we are deal­
ing with tens and 
hundreds of uA flowing 
in Rl and R2, it's 
reasonable to say that 
for practical purposes 
all the current in Rl 
must also flow in R2 

V;N 0--•'\1\/\flr~~ \---Al ~Vour 
10k . "" ./ 
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Using this formula, 
the circuit of Fig. 4a, 
which I said would 
have a gain of -10, ac­
tually has a gain of -
9.99989. So the rule of 
thumb in this case is 
not too far from the 

Now, if there is the 
same current flowing 
through two resistors 
then by Ohm's law the 
voltage across each will 
be proportional to its 
resistance. 
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truth. In fact, in com­
parison with the 5% 
resistor tolerances like­
ly to be used in a prac­
tical circuit, it's as close 
to perfect as you need. 

My fudge factor, as­
In other words, if 

12V is dropped across 
Rl, and the very same 

Fig. 4 (a)A basic inveltingamplifier. (b) The leveranalo~. (c) Inverting amplifier. 
suming the inputs take 
no current, doesn't af-

current is flowing in R2, you can say 
without further ado (and without bother­
ing to calculate the current) that the volt­
age dropped across R2 will be ten times as 
great: 12V. 

Now, whatever voltage appears at the 
output of the amplifier, the voltage at the -
input will only be one millionth as much. 
There's very little point in taking it into ac­
count at all We might as well say that it 
stays at OV. So the input voltage will be the 
voltage across Rl, the voltage across R2 
will be the output voltage and we've al-
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ready worked out that this will be ten 
times as great (or -10), taking into account 
that it moves in the opposite direction). In 
other words, the circuit has a gain of -10. 

If all this business about ignoring little 
errors makes you feel uncomfortable, the 
only way to settle the hlatter is to do the 
calculations. Looking ~t Fig. 4c, by Ohm's 
law we can write: 

i = \lin - V(-) and i:! = V(-) - Vout 

Rl R2 

Now, if the op amp's input takes negli-

fect the validity of the 
formula, although a proof of this and an 
investigation of just what effect it will have 
must wait for another time. There's more 
to these op amps than meets the eye. 

Answers to Problems 
The answers to the problems I posed earlier 
on, by the way, are: the common mode 
input voltage is -6.22V, the differential 
mode voltage is + 23u V (I hope you got 
those.), the voltages of the + and - inputs 
are - 62199984 and -6.2.2iXXl16V respec­
tively, and the output will be + 3.2V. • 
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