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OPERATIONAL 
MPLIFIE.RS 

Learn how to design with operational 
amplifiers and put them to work in 
various analog and audio circuits 
RAV MARSTON 

THE OPERATIONAL AMPLIFIER (OP

amp) is a high-gain, DC-cou
pled amplifier with a differential 
input (two input leads) and a 
single-ended output (one out
put lead). It is one of the most 
versatile circuits ever invented 
because it closely approximates 
the ideal amplifier. 

The versatility of the op-amp 
has made it a key functional 
building block in linear or ana
log circuitry because it elimi
nates the need for bulky 
transformers in many low-fre
quency and audio circuits. This 
article will focus on the role of 
the op-amp in performing audio 
signal processing. 

The op-amp was developed 
more than 40 years ago to per
form mathematical operations 
such as addition. subtraction, 
integration, and differentiation 
in analog computers. Originally 
a vacuum-tube, DC-amplifier 
circuit, it evolved into a discrete 
transistor circuit before being 

made as a monolithic inte
grated circuit. 

The availability of mass-pro
duced, low-cost, monolithic op
amps has had a significant im
pact on all linear circuitry. Op
amps are included in both dis
crete and monolithic circuits 
for signal conditioning. power 
regulation, active filtering. 
function generation. digital-to
analog conversion, and many 
other applications. · 

Ideal amplifier 
An op-amp has many of the 

characteristics of an ideal am
plifier. It will be instructive to 
review the characteristics of an 
ideal amplifier and then com
pare them with the perfor
mance characteristics of exist
ing monolithic IC op-amps. The 
characteristics of the ideal am
plifier are: 
Gain. An ideal amplifier would 
have infinite gain . However, this 
is not desirable in a practical 
amplifier because the smallest 
input signal would cause max-

imum output. Thus, high but 
controllable gain is acceptable. 
Input impedance. An ideal am
plifier would have infinite input 
impedance or resistance so its 
input source would not be in
correctly loaded. 
Output impedance. An ideal 
amplifier would have zero out
put impedance or resistance so 
that it could be connected to a 
load with any resistance value 
without affecting its output 
voltage. · 
Bandwidth. An ideal amplifier 
would have infinite bandwidth 
so that it could amplify any fre
quency from zero hertz (DC) to 
the upper limits of the radio
frequency spectrum. 
Common-mode rejection 
ratio. An ideal amplifier would 
have an infinite common-mode 
rejection ratio or CMMR. This 
means that if the amplifier has 
two input terminals (one 
positive and the other negative). 
there will be no output if both 
inputs (common mode) receive 
the same signal simultaneously. 
The output of an amplifier that 
exhibits high CMMR is essen
tially a zero output if the same 
signal is applied simulta
neously to both of its inputs. 
Supply voltage. An ideal am
plifier would be unaffected by 
reasonable variations in power 
supply voltage. 

Practical monolithic op-amps 
The 741 is a mature, popular, 

general-purpose monolithic IC 
operational amplifier. A bipolar 
device, it was developed more 
than 25 years ago by Fairchild 
Semiconductor Corp. (acquired 
by National Semiconductor 
Corp.) as the µA741. an im
proved version of its µA709. It 
has retained its popularity and 
become an industry standard. 
The µA 741 had internal fre
quency compensation and full 
overload protection on both its 
inputs and output. 

Many different manufac
turers make their own brands of 
the µA741 and some have im
proved the performance of the 
original. Nevertheless, all have 
similar electrical charac
teristics. Among the alternate
sourced 74ls are four versions 
from Analog Devices, four from 
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FIG. 2-PINOUT DIAGRAM for a 741 op
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op-amp. 

Harris, nine from Maxim. eight 
from National Semiconductor. 
three from Philips, and nine 
from SGS-Thomson. 

Because op-amps from all of 
these suppliers have essentialJy 
the same characteristics. the 
µA 7 41 will be referred to by the 
generic designation "741 " for 
the remainder of this article . 
Far from being a leading-edge 

device. the 7 41 is, nevertheless . 
well suited for experiments and 
prototyping because of its low 
price and ready availability. 

A "commodity" 741 can be 
purchased from electronic dis
tributors for less than 50 cents. 
and that unit price falls signi 
cantly in large purchases of 
hundreds. 

Some of the typical electrical 
characteristics of the 741 are 
given in the first column of 
Tuble 1. Many op-amps now in 
production have characteristics 
that surpass those of the 741. 
but they generally cost more . 
The performance of the two 
other op-amps included in the 
table will be discussed later in 
this article . 

Figure I is the schematic for 
the 741 illustrating its complex
ity. (This contains 19 tran 
sistors, but in other versions 
diodes have replaced two tran
sistors.) Figure 2 is the pinout 
diagram for the commodity 741 
in an eight-pin plastic DIP case . 
Figure 3 is the standard sche
matic symbol for all op-amps . 
but power supply connections 
are not always shown. 

Many op-amps are powered 
from split power supplies as 
shown in Fig. 3 . The + V. - V 
and ground (zero volt) rails per
mit the op-amp's output to 
swing on either side of zero volts 
and be set at zero volts when the 
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differential input voltage is 
zero . However, some op-amps 
can be powered from single
ended supplies . 

Figure 4 is the frequency re
sponse curve or Bode plot of a 
741 op-amp. The 741 offers low
frequency (below 10 Hz) voltage 
gain that is greater than l 00 dB. 
However. that gain rolls off at 6 
dB per octave ( 20 dB per decade) 
at frequencies above 10 Hz. It 
eventually falls to unity gain (0 
dB) at its {[Tl unity gain transi 
tion or cu to ff frequency of 1 
MHz. 

The Bode plot of Fig. 4 can 
also represent the latest op
amps, but those devices will tip
ically have different values of 
low-frequency gain and cutoff 
frequency. 

Closed-loop amplifiers 
The op-amp usually serves as 

the active device in a feedback 
circuit. Gain is precisely deter
mined by the negative feedback 
applied from output to input 
though the components in the 
external feedback loop. The val
ues of those components set the 
gain value. However, the feed
back loop effectively cancels the 
op-amp 's open-loop electrical 
character istics 

Figure 5 shows an· op-amp 
configured as a fixed-gain inver
ting amplifier. The output is fed 
back to the input. and voltage 59 
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closed-loop conditions. 

TABLE 1 
TYPICAL ELECTRICAL CHARACTERISTICS OF THREE OP-AMPS 

gain A is determined by the 
ratio of Rl to R2, and equals 
- Rl/R2. This ratio also equals 
the output voltage divided by 
the input voltage. This circuit's 
input impedance equals the val
ue of Rl. The circuit can easily 
be modified to give any desired 
gain and input impedance val
ues by changing component 
values. 

Current induced at the junc
tion of R2 and Rl is A times 
greater than that caused by the 
input signal alone. Therefore, 
the input acts as if it has an 
impedance of R2/A connected 
between the terminal and 
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ground. so it acts like a low-im
pedance "virtual ground." 

Figure 6 shows an op-amp 
configured as a fixed-gain non
inverting AC amplifier. Here the 
closed-loop voltage gain equals 
(Rl + R2)/R2 or the output volt
age divided by the input voltage. 
The input impedance ap
proaches infinity. 

An op-amp can be made to 
function as a differential input 
amplifier by combining the in
verting and noninverting con
nections. If that differential am
plifier is modified so that two or 
more input signals can be add
ed algebraically. the op-amp be-

comes a summing amplifier. 
The op-amp can also be con

figured to act as an integrator, 
differentiator, and logarithmic 
amplifier, useful functions for 
performing analog computer 
calculations. 

Op-amp selection 
There are many possible vari

ations in op-amp design and 
manufacture because of the 
range of desired options. These 
include temperature range 
(commercial. industrial and 
military). manufacturing pro
cess (e.g .. bipolar, BiMOS. Bi
FET. and JFET). and package 
styles (e.g .. plastic and ceramic 
DIP. and metal cases). There
fore. it is easy to see why the list 
of op-amps available from so 
many manufacturers is long 
and bewildering- even for ex
perienced professional circuit 
designers. 

Where required in the ap
plication, the designer can 
choose from a wide selection of 
op-amps today. Some are pro
prietary designs and others are 
alternate-sourced-versions of 
standard products. Many op
amps are optimized to obtain 
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FIG. 9-NONINVERTING AC AMPLIFIER 
with a gain of 10 and SO-megohm input 
impedance. 

features of special importance 
in certain applications. such as 
low noise. high slew rate, wide 
bandwidth , or various com
binations of these. 

Op-amp manufacturers spe
cialize in either the high-vol
ume, low-priced commodity or 
general purpose op-amps ("jelly 
beans" ) or more specialized. 
premium-priced (and often pro
prietary) devices for instrumen
tation. signal processing. and 
communications. 

The Harris CA3140 is an ex
ample of a high-volume BiMOS 
op-amp that offers very high in
put impedance (1.0 x 10 12 

ohms) that can operate from ei
ther single or dual power sup
plies. The CA3140 combines the 
advantages of high-voltage 
PMOS transistors with high
voltage bipolar transistors on a 
single chip. 

The CA3140 has a bipolar 
output stage. is internally com
pensated . and has the ver
satility of 741 op-amps . Column 
2 of Table 1 lists some of its typ
ical electrical characteristics. 

National Semiconductor's 
LF41 l is a low-cost. high-speed 
JFET input op-amp that is also 
made in volume. It offers low in
put offset voltage and low volt
age drift. A large gain-band
width product and fast slew rate 
are maintained with low supply 
urient. High -voltage input 

.., ,~ETs give the LF411 its low in
put bias and offset current. It is 
both pin-compatible and inter
changeable with the 741. Col
umn 3 ofTuble l lists some of its 
typical characteristics. 

Linear amplifiers 
There are many ways to con

figure op-amps as linear ampli
fier circuits. Although the 741 
series op-amps is s pecified in 
the schematics discussed in the 
remainder of this article. all of 
the op-amps discussed here will 
work in these circuits. 

Figure 7 shows an op-amp or
ganized as an inverting AC am
plifier with an overall voltage 
gain of 10. Noninverting input 
pin 3 is grounded through re-
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sistor R3 . It has the same value 
as R2 to preserve the op-amp's 
DC balance . Input impedence 
Z1N equals the value of resistor 
Rl. 

Figure 8 also shows the 741 
configured a s a noninverting 
AC amplifier with an overall 
voltage gain of 10. However. in 
this circuit modification, re
sistors Rl and R2 are isolated 
from ground by nonpolarized 
capacitor C2 . 

At normal operating frequen
cies , C2 has a low AC imped
ance, so voltage gain is still set 
by the ratios ofRl and R2. How
ever, invertir.g input pin 2 re
ceives all of the DC negative 
feedback through Rl. giving the 
circuit excellent DC stability. 

Again. for optimum biasing. 
resistor R3 should have the 
same value as Rl. The op-amp's 
input impedance Z1N at nonin
verting pin 3 is several hundred 
megohms. but it is shunted by 
resistor R3. which reduces the 
circuit's overall input imped
ance to approximately a 100-
kilohms value . 

Figure 9 shows how the cir
cuit in Fig. 8 has been modified 
to give t he op-amp a 50-
megohm input impedance 
(ZIN). The location of capacitor 
C2 has been changed. and the 
lower end of resistor R3 is con
nected to the junction of R2 and 
C2 rather than directly to 
ground. 

The AC feedback signal that 
appears on the R2-C2 junction 
is nearly identical to the input 
signal at pin 3. As a result, near
ly identical signal voltages ap
pear on both ends of resistor 
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R3 . Thus it passes negligible 
signal current. 

Theoretically, the apparent 
impedance of R3 is raised to 
thousands of megohms by this 
"bootstrap''-feedback action . 
but in practical circuits the in
put impedance is limited to 
about 50 megohms by external 
leakage paths in the op-amp's 
mounting socket and/or the cir
cuit board. 

For optimum biasing of the 
circuit in Fig. 9, the sum of the 
values of resistors R2 and R3 
should equal Rl. However. in 
practical circuits the value of R3 
can differ from this ideal by as 
much as 30% . Thus. a 100-kilo
hm resistor will work for R3. 

Voltage followers 
An op-amp can function as a 

voltage follower if the inverting 
and noninverting connections 
are combined for unity voltage 
gain . Ideally the differential am
plifier's output responds only to 
the difference in voltage be
tween the two inputs and does 
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not respond to a vol tage com
mon to the two inputs (com
mon-mode voltage). 

Figure 10 illustrates some of 
the design options for a voltage 
follower with all of its negative 
feedback applied from output to 
inverting input pin 2 through 
resistor R2 . 

Ideally, resistor Rl (which de
termines the circuit's input im
pedance) and R2 should have 
equal values . Aga in. in practical 
circuits, the value of R2 can be 
any value up to 100 kilohms 
without significantly affecting 
circuit accuracy. 

If the circuit's op-amp has a 
low-frequency cutoff value like 
that of the 741. R2 can usually 
have a value of zero. However, 
op-amps with high cutoff fre
quency values tend to be unsta
ble when operated in the unity
gain mode . 

Stability can be assured by in
stalling an R2 of l 00 kilohms. or 
by adding I-kilohm plug-in re
sistor R3 in series. The 0.4 70µF 
capacitor C2 across R2 reduces 
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62 FIG. 12-SUMMING AMPLIFIER as a four-input audio mixer. 

GLOSSARY OF TERMS 
Input-offset voltage (Vio). The differen
tial input voltage required to produce 
zero output voltage. 

Input offset current (lio). The difference 
between the two input currents. 

Input bias current (1 6 ). The current flow
ing into (or out of) either input terminal 
while the output voltage is near zero 
volts. 

Input resistance (R1Nl· The ratio of a 
small change in the differential input 
voltage to a resulting change in the input 
current, with the output remaining in its 
linear region. 

Large-signal voltage gain (Av0 ). The 
ratio of the change in output voltage to 
the change in differential input voltage 
causing it . Also known as open-loop 
voltage gain. 

Output voltage swing (V0 ). The max
imum output voltage available under 
specified loading conditions. 

Common-mode rejection ratio (CMRR). 
The ratio of the change in the input com
mon-mode voltage to the resulting 
change in input offset voltage created by 
it, usually expressed in decibels. 

Supply current (Is). The quiescent sup
ply current required by the amplifier, 
measured when the output is zero volts 
so that no current is delivered to the 
load . 

Slew rate (SR). The ratio of the output
voltage swing, measured from the 10 to 
90% point of the leading or trailing edge, 
to the time required for the output to 
traverse this level, measured under 
large-signal conditions. 

Unity gain bandwidth (BW). The fre
quency at which the open- loop gain is 
zero dB. 

Gain-bandwidth product (GBW). The 
product of the available open-loop gain 
at a specified frequency times that fre
quency. 

the op-amp's AC impedance. 
A very high input impedance 

can be obtained from an AC volt
age follower by configuring the 
circuit as shown in Fig. 11 . Re
sistor RI is "bootstra pped" from 
the op-amp output through ca
pacitor C2. Thus. the imped
ance of Rl is increased to the 
multimegohm range. 

A 741 op-amp circuit will typ
ically have an input impedance 

(Continued on page 66) 
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agram (Fig. 1) and begin the wir
ing by connecting the hot side 
of the line cord (black wire) to 
one side of the fuse holder. Next 
solder a wire from the other side 
of the fuse h older to one termi
nal of th e ma in power switch. 
SL 

Connect the other terminal of 
Sl to the other side of the fan 
and to one terminal of S2. Con
nect power indicator NEl across 
the fan terminals so it will indi
cate when power is applied to 
the fan an d to S2. 

Standby switch S2 allows 
power to the transformer to be 
shut off while still allowing the 
fan to work. Wire indicator NE2 
across S 2 so that it illuminates 
when S2 is open, or when the 
u n it is in the standby mode. 
Next. connect S2 to the other 
side of the transformer. Con
n ect the neutral (white) wire 
from the line cord to one side of 
the fan and also connect it to 
one terminal on the input side 
of the transformer. 

Conn ect both output leads of 
the transformer to the AC recep
tacle SOL Next connect the out
put-power indicator NE3 across 
the receptacle. As a last impor
tant step, run a ground connec
tion from the line cord (the 
green wire) to the base of the 
transformer and to the fan. If 
the transformer has not been 
grounded to the chassis, be 
sure to do so now with a sepa
rate wire. 

Testing 
Before closing up the case. 

plug an appliance such as a cof
fee maker, a lamp, or another 
appliance that draws about 500 
watts into the isolation trans
former outlet and turn on th e 
power. Run the transformer 
with the load turned on for ap
proximately 30 minutes while 
checking it every five minutes or 
so for excess heat. 

The p rototype was tested with 
an 800-watt coffee maker. an d 
the transformer ran warm-bu t 
not hot-to the touch. Do not 
use the isolation transformer to 
power anything with that high a 
power rating for extended peri
ods of time. Most modern TVs. 
even those with large screens, 
consume 350 watts or less. n 

SINEWAVE GENERATOR 

continued from page 52 

Construction 
A circuit board with a ground 

plane is requi red for building 
this project because of the high 
frequencies involved. You can 
make your own board or buy 
one from the sou rce given in the 
Parts List. Figu re 3 is the parts
placement diagram. The NCO 
and DAC ICs are expensive and 
can be damaged if they must be 
removed, so it is recommended 
that you install them in low-pro
file. machined-contact sockets. 

Do not mount the inpuUout
pu t connectors on the PC 
board. BNC connectors are rec
ommended for the FSK input 
and sinewave output. Attach a 
grounding lug to the BNC con
nectors, and then solder it to 
the ground plane of the board to 
provide mechanical support for 
the connectors. Wire the power 
source directly to the board or 
wire a suitable power jack to the 
board. 

Cut a four-foot length of five
conductor cable for the PC ca
ble. Solder one end of the cable 
leads to a male DB-25 con
nector. as shown in Fig. 3 , and 
the other end directly to the PC 
board. Figure 4 shows the com
plete board. 

After carefully inspecting the 
board for incorrectly installed 
components and poorly sol
dered joints and making any 
necessary repairs, the gener
ator is functional. Now you can 
generate any sinewave you need 
up to 10 megahertz on the fly. n 

Go ahead . . . it's an old schematic . 

OP .. AMPS 

continued from page 62 

of about 50 megohms. As stated 
earlier. this limit is set by the 
leakage impedance caused by 
the mounting socket and/or cir
cuit board. A conductive trace 
"guard ring" on the circuit 
board surrounding noninvert
ing input pin 3 and tied to out
put pin 6 will improve input 
impedance. However, if signifi
cantly higher impedance is re
quired, substitute an FET-input 
op-amp such as the LF41L 

Audio mixer circuit 
It was stated earlier that the 

voltage gain of the basic invert
ing amplifier circuit equals -
Rl/R2. Consequently. signal 
currents flowing in Rl and R2 
are always equal but opposite in 
phase. regardless of their indi
vidual values. 

The inverting amplifier cir
cuit shown in Fig. 5 can be mod
ified as shown in Fig. 12 to be
come a summing amplifier. It 
has four identical resistor-ca
pacitor input networks in paral
lel, all connected to inverting 
input pin 2. 

The signal current flowing in 
feedback resistor R6 will equal 
the sum of the input signal cur
rents flowing in resistors Rl 
through R4. The circuits out
put signal voltage then becomes 
proportional to the sum of the 
signal voltages. 

If the input and feedback re
sistors have equal values (100 
kilohms in this circuit). the 
summing amplifier will provide 
unity voltage gain between each 
input pin and the output pin. 
The circuit's output is equal to 
the sum of the four input signal 
voltages. 

This simple circuit can be
come a practical audio mixer by 
feeding each input signal to its 
input network channel with a 
10-kilohm, volume-control po
tentiometer. If desired. the cir
cuit can provide voltage gain 
greater than unity by increasing 
the value of feedback resistor 
R6. The number of input chan
nels can also be increased by 
adding additional RC networks 
for each new channel desired. n 


