
Tutorial 

Using Op Amps 
Practical applications of the ubiquitous op amp as 
an amplifier, a filter and a limiter 

By Robert A. Witte 

ew integrated- circuit devices 
are as universally used as the 
ubiquitous operational ampli- 

fier -or "op amp," as it's affection- 
ately known. It has become firmly es- 
tablished as the workhorse of low - 
frequency analog circuit design and 
is frequently found in digital circuits. 
What makes the op amp so appealing 
are its standard features: ideally infi- 
nite gain, infinite input impedance 
and zero output impedance. 

Op amps usually require a dual 
power supply, such as + 15 and 15 

volts, although there are methods for 
powering them from a single supply 
(see box). These miniature electronic 
wonders are available in single, dual 
and quad chip configurations, with 
one, two or four op amps in a single 
IC package, as shown in Fig. 1. In 
these drawings, note that V + indi- 
cates the positive power supply, V 
the negative supply, and NC indi- 
cates no connection. 

Inverting & Noninverting 
Amplifiers 
The inverting amplifier configura- 
tion shown in Fig. 2 has a voltage gain 
(ratio of output voltage Vout to input 
voltage Vin) that is determined by the 
ratio of RI /R2. The negative sign in 
the formula indicates that the output 
is inverted relative to input voltage. If 
V1 is + 5 volts dc, Vo t will be 5 

volts dc. If Vin is a 5 -volt 0 -to -peak 
sine wave, Vont will be a 5 -volt 0 -to- 
peak sine wave with a 180 ° phase 
shift with respect to the input. In 
many applications, it doesn't matter 
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Fig. I. Connection diagrams for several popular op -amp integrated circuits. 

VIN 

VouT Ri 
VIN R2 

VOUT 

Fig. 2. Voltage gain of inverting am- 
plifier is determined by ratio of the 
feedback resistor over input resistor. 
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Fig. 3. The noninverting op -amp cir- 
cuit provides voltage gain without in- 
verting polarity of the input signal. 

if the signal is inverted. For instance, 
a single audio tone will sound the 
same whether or not it's inverted. 

Input impedance of the inverting 
amplifier is simply the value of R1, 
while output impedance is near zero. 

If the polarity of the input signal 
must be preserved in the output, the 
noninverting amplifier configura- 
tion shown in Fig. 3 can be used. 
Voltage gain here is R2 /RI + 1. Op- 
eration of this circuit is very similar 
to that of the Fig. 2 inverting amplifi- 
er circuit, except that Vont is not in- 
verted relative to Vin. 

Since the input of the Fig. 3 circuit 
goes directly to the op amp, input im- 
pedance is very high. (Ideally, it is in- 
finite. In practice, however, it is lim- 

ited by the input specifications of the 
op amp.) Output impedance is very 
near zero. 

Special Amplifiers 
One special op -amp configuration is 
the difference amplifier shown in 
Fig. 4. Note that this arrangement 
uses both the inverting and noninver- 
ting configurations in a combination 
that yields a difference signal at the 
output. 

As the difference amplifier's name 
implies, the output of the circuit is 
the difference of input voltages V1 

and V2 multiplied by gain factor 
R2 /R1. For example if R2 = 3R1, V 
= + 2 volts and V2 = + 5 volts, Vout 
= 3(5 2) = 9 volts. 
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The difference amplifier can be 
used wherever one signal or voltage 
must be subtracted from another. 

Another special op amp circuit is 

the summing amplifier shown in Fig. 
S. An extension of the inverting am- 
plifier, the summing amplifier per- 
mits several different inputs to be 

signal, such as in public- address and 
recording systems. 

Op -Amp Filters 
The inverting amplifier can also be 
modified to serve as a low -pass filter 
simply by adding a capacitor across 
feedback resistor R2 in the Fig. 6 cir- 

particularly sharp rolloff beyond fc, 

since voltage gain decreases by a rela- 
tively gentle 20 dB for every decade 
(factor of 10) in frequency. 

Figure 6 also shows a plot of volt- 
age in decibels versus logarithmic fre- 
quency. It's good design practice to 
provide some controlled rolloff be- 
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Fig. 4. The difference amplifier sub- 
tracts V1 from V2, amplifies result. 

V1 
R1 

V2 
R2 

V3 
R3 

Vc)UT 

VouT -RV1-R2V2 
R3 
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ration adds several voltages. Each in- 
put can have different voltage gain. 
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Fig. 6. In this low-pass filter circuit, 
feedback capacitor C effectively 
shorts out R2 at high frequencies. 
Also shown is the frequency -re- 

sponse curve of this filter circuit. 
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Fig. Z By adding coupling capacitor C 
C to the input of the basic inverting 
amplifier, a high-pass filter is ob- 
tained, whose frequency- response 
characteristic is as shown by the curve. 

added to produce the output. Notice 
that additional input resistors (R1, 
R2 and R3) have been tacked onto the 
basic amplifier circuit to obtain this 
function. Any number of inputs can 
be accommodated by using the ap- 
propriate number of input resistors. 

Since the summing amplifier is 

based on the inverting amplifier, the 
output is inverted with respect to the 
inputs. The voltage gain associated 
with each input is set independently 
by the ratio of feedback resistor Rf 
and the input resistor. If the same 
gain is desired for each input, just let 
RI = R2 = R3. 

The summing amplifier is often 
used for summing or "mixing" dif- 
ferent audio sources into one audio 

cuit. Gain of the inverting amplifier 
is determined by R2 /R1. At low fre- 
quencies, impedance of the capacitor 
is very large and, therefore, does not 
affect voltage gain. At high frequen- 
cies, however, capacitor impedance 
greatly diminishes and virtually 
shorts out R2, causing voltage gain to 
increase as frequency increases. 
What results is a low -pass filter in 
which the exact frequency at which 
voltage gain begins to noticeably de- 
crease (cutoff frequency fc) depends 
on the values of R2 and C. 

Usually, fc is considered to be th-e 
frequency at which the output is 3 dB 
lower than its normal value at low 
frequencies. For this circuit, fc = 1/ 
(2irR2C). This circuit doesn't have a 

yond the particular frequency of in- 
terest to reduce high- frequency noise 
and other undesired signals, with cut- 
off frequency set high enough so that 
desired signals aren't affected. 

If you add a capacitor in series with 
the input resistor, as shown in Fig. 7, 
you obtain a high -pass filter. For 
very low frequencies, capacitor im- 
pedance into the inverting amplifier 
circuit is very large and blocks virtu- 
ally all of Vi,,, resulting in minuscule 
output from the op amp. For high 
frequencies, capacitor impedance be- 
comes very small and passes virtually 
all of the input signal. 

The slope of the high -pass filter be- 
low fc is 20 dB per decade. Here, fc = 
1/ (271-R /C). 
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Most op amps are designed to be 
powered by a dual, or "split," power 
supply. Although you can easily design 
a split supply, doing so increases the 
complexity and cost of small electronic 
projects. However, there are techniques 
for operating op amps from single sup- 
plies that, though they slightly increase 
circuit complexity, often are well worth 
eliminating the second supply required. 

A very common way of solving the 
split -supply problem is to use a voltage 
divider, as shown in Fig. A. The two 
equal -value resistors divide the supply 
voltage in half and create a new 
"ground" at Vsupply /2. The capacitor 
removes ripple and noise present on the 
original power supply's output. 

When Vsuppiy /2 is used as ground, 
Vsupply becomes V + and true ground 
becomes V - for the op -amp circuit. 
This technique works quite well as long 
as the current drawn from the Vsupply /2 
junction is less than one -tenth of the 
current through the divider resistors. 

For inverting op -amp configura- 
tions, the ground connection is the + 
input of the op amp. This arrangement 
draws very little current. For circuits 
that require more current, the values of 
the 47,000 -ohm resistors can be reduced 
to allow more current to flow through 
them, though the penalty for doing this 
is greater power consumption. This 
technique is shown in Fig. B, using an 
inverting amplifier. 

The capacitor at the input of the Fig. 
B circuit serves as an ac coupler. This 
capacitor is usually necessary because 
the op amp is operating totally above 
ground potential. If the capacitor 
weren't included, a negative input sig- 
nal applied directly to RI would be be- 
yond the op amp's ability to handle, 
since it is outside the range of its Vsuppty 
and ground power supplies. 

Single -Supply Operation 

Fig. A. Two series resistors connected 
across power source creates a new 
ground for single -supply applications. 

Fig. B. Ac- coupled inverting amplifier 
biased for single -supply operation. 
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Fig. C. Ac- coupled noninverting ampli- 
fier biased for single -supply powering. 

If the source of the input signal was 
another op amp biased for single -supply 
operation, the input would always be 
between V + and ground and ac cou- 
pling wouldn't be necessary. However, 
if the source of the input signal is refer- 
enced to ground and has negative volt- 

age swings -such as from a micro- 
phone, line output from a tape record- 
er, etc. -ac coupling is needed. Re- 
member that the values of RI and CI 
must be chosen so that the high -pass 
cutoff frequency will be lower than the 
frequencies of interest. 

Though the same biasing technique 
can also be used with the noninverting 
amplifier, the ground connection will 
no longer be the input of the op amp. 
Because of this, significant current may 
be drawn from Vsuppty /2, which may re- 
quire that smaller -value resistors be 
used in the voltage divider. 

An alternative method for the nonin- 
verting amplifier is shown in Fig. C. 
Here, Vsupply /2 is connected to the + 
input of the op amp, along with small 
coupling capacitor CI. Capacitor C2 is 
connected in series with RI to allow the 
op amp to "float" at the proper dc bias 
level required by Vsuppiy /2. Also RI and 
C2 create a high -pass characteristic with 
a cutoff frequency determined by fc = 
1/ (271-RIC2). 

Choose the values of RI and C2 to ob- 
tain the fc that's below the frequencies 
of interest. If ac coupling isn't required 
(V1 is always between Vsupply and 
ground), CI and the 47,000 -ohm resis- 
tor can be eliminated and Vi can be 
connected directly to the + input. 

Some op amps are designed with sin- 
gle- supply operation in mind, while oth- 
ers are designed for split -supply opera- 
tion. In general, both types can be used 
for both single- and split -supply opera- 
tion. The main advantage that single - 
supply op amps have is that Vout can 
swing all the way to ground. Most split - 
supply op amp outputs cannot swing all 
the way to the V + and V - rails; so 
when operated with a single supply, 
their outputs cannot go completely to 
ground. 

This circuit can be used to create a 
high -pass filter characteristic, or the 
series capacitor can be used for some 
other purposes, such as ac coupling. 
(Since a capacitor blocks dc but 
passes ac, it's often used to couple to- 

gether circuits that may have differ- 
ent bias levels.) Regardless of the rea- 
son for using the series capacitor, the 
result will be a high -pass filter char- 
acteristic similar to that shown in the 
graphed plot in Fig. 7. If ac coupling 

is your goal, select R I and C so that fc 

is sufficiently small for the frequen- 
cies of interest. 

By combining the high -pass and 
low -pass circuits, you can produce a 
bandpass characteristic, the circuit 
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Fig. 8. Combining a feedback capaci- 
tor (C2) and input coupling capacitor 
(C1) with a basic inverting amplifier 
produces a bandpass filter whose 

passband is shown by the curve. 

and plot for which are shown in Fig. 
8. With this configuration, there are 
two cutoff frequencies -fc1 at the 
low- frequency and fc2 at the high -fre- 
quency ends of the passband. Fre- 
quencies lower than fc1 and greater 
than fc2 are attenuated, while those 
between these two points pass through 
at full amplitude. 

As long as fef and fc2 aren't too 
close together, they are independent 
of each other and can be calculated 
using the same formulas for the high - 
and low -pass cutoff frequencies. 
However, if f, and fc2 are separated 
by less than a factor of 4, they will be- 
gin to interact and cause the results 
obtained from these formulas to be 
Tess accurate. 

The bandpass circuit is best suited 
for moderate low- and high- frequen- 
cy attenuation. It isn't suitable for 
very steep and narrow bandpass fil- 
tering applications. 

Advanced Filters 
More advanced filters with steeper 
rolloff characteristics can be de- 
signed using op amps. However, 
choosing component values becomes 
very complicated. Such parameters 
as flatness of the filter's frequency re- 
sponse and steepness of rolloff can be 
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Fig. 9. Shown here is an example of a 
general - purpose low -pass filter with 
a 40 -dB /decade rolloff characteristic. 
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Fig. 10. A general- purpose high -pass 
filter with a 40 -dB /decade rolloff. 

traded off to produce the optimum 
filter for any given application. Ei- 
ther an advanced analysis or a refer- 
ence manual with a wide range of 
component values already computed 
can be used. For less critical applica- 
tions, you can use the general -pur- 
pose filters to be described. 

Figure 9 shows a low -pass filter 
with the appropriate design equation 
for the cutoff frequency. The three 
resistors all have the same value and 
Cl = 9C2. This circuit has a fairly 
flat response below fc (Qf111er = 1) and 
rolls off at a 40-dB- per -frequency- 
decade rate beyond fe-twice as steep 
as the Fig. 6 low -pass filter. 

A similar high -pass filter can be 
constructed, as shown in Fig. 10. All 
capacitors in this circuit have the 
same value and R2 = 9R1. Note that 
the capacitor at the input causes this 
filter to be inherently ac- coupled. 
The filter is fairly flat beyond fc 

(Qiilter = 1) and rolls off at a 40 -dB- 
per- decade rate below fc. 

Op -Amp Limiter 
There's one more general -purpose 
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Fig. 11. A pair of diodes across the 
feedback resistor of the inverting 
amplifier produces the limiter circuit. 

op -amp circuit that should prove of 
interest. That's the op -amp limiter 
shown in Fig. 11. Operation of this 
circuit is fairly straightforward. 

Normally, the inverting amplifier 
will create an output voltage that is 

an amplified version of the input. At 
some Vo f level, however, the op amp 
will no longer be able to produce an 
exact replica of V;,,. At this point, 
usually near the V + of the power 
supply connected to the circuit, the 
op -amp's output will clip. 

In most cases, the clipping level is 

too large and uncontrolled to be of 
use. However, the same type of oper- 
ation can be deliberately induced by 
adding a pair of diodes across the 
feedback resistor, as shown in Fig. 
11. With this arrangement, when Vout 
is below the forward voltage drop of 
the diode, the diode is reverse biased 
and the circuit acts just like an ordi- 
nary inverting amplifier. When Vo, 
exceeds the diode's forward voltage 
drop, the diode becomes forward bi- 
ased, limiting output at that point. 
Two diodes, connected in opposi- 
tion, are used to limit both positive 
and negative voltages. The diodes ef- 
fectively reduce the value of R2 -and 
thus the voltage gain -to zero when 
the diode is forward biased. 

The forward drop of the diode de- 
pends on the type of diode used. It's 

(Continued on page 89) 
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Using Op Amps ( %iorn page 29) 

0.6 volt for a silicon diode and 0.3 
volt for a germanium diode. 

This same concept can be expand- 
ed by using zener diodes across the 
feedback resistor, as shown in Fig. 
12. Note how the zener diodes are 
connected in this circuit. With this ar- 
rangement, Vor is limited at the zener 
voltage plus the forward drop of the 
diodes. Since a wide variety of zener 
voltages are available with different 
zener diodes, this circuit is much 
more versatile than that in Fig. 10. 

You can use limiter circuits wher- 
ever a signal amplitude must be limit- 
ed to some maximum value. For ex- 
ample, a limiter is often used in tape 
recorders to prevent the audio signal 
from overloading the recording func- 
tion. Bear in mind, however, that 

limiting produces distortion. So use 
this circuit only when the amount of 
distortion is tolerable compared to 
the effect being guarded against. 

In Conclusion 
From the foregoing, you can readily 
see that op amps can be used in a vari- 
ety of applications, some configura- 
tions for which we've described here. 
There are many applications and 
configurations we haven't covered, 
particularly in the digital area. 

When using the circuits presented 
here, keep in mind the effects of the 
capacitors in the circuits. They will 
introduce high- or low- frequency 
rolloff, whether you want them to or 
not. By paying careful attention to 
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Fig. 12. Using zener diodes in place 
of ordinary diodes produces a circuit 
that can limit at almost any voltage. 

component value selection to obtain 
an appropriate cutoff frequency, you 
should be able to sidestep potential 
problems. AiE 
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