
Tutorial 

Beyond Op -Amps 
How to use special-purpose op -amps in practical 
and exotic circuits. 

By Joseph J. Carr 

The operational amplifier rev- 
olutionized analog computer 
design in what seems eons 

ago, but early models were not well - 
suited to general use in analog cir- 
cuits owing to its bulk and high pow- 
er drain. In the mid -sixties, when the 
¡LA-709 integrated- circuit operation- 
al amplifier was developed, it became 
possible to use this wonderful inven- 
tion for a wide range of applications. 

Figure 1 shows the four basic 
forms of op -amp circuit: inverting 
follower (Fig. 1A), noninverting fol- 
lower with gain (Fig. 1B), unity gain 
noninverting follower (Fig. IC), and 
dc differential amplifier (Fig. 1D). 

The inverting follower circuit 
shown in Figure IA produces an out- 
put signal that is 180 degrees out of 
phase with the input signal -which is 
where it gets its name, "inverting" 
follower. The gain of the inverting 
follower is simple: R2/R1, where 
the minus sign indicates the inver- 
sion. Thus, when a circuit like that in 
Fig. IA has an input resistor (RI) of 
10 kohms, and a feedback resistor 
(R2) of 100 kohms, the gain is ( 100 
k) /10 k, or 10. The input impe- 
dance of this circuit is equal to Rl. 

The noninverting follower with 
gain (Fig. 1B) provides no phase re- 
versal between input and output. The 
input impedance of this circuit is very 
high, and is not related to the value of 
any resistors in the circuit. The gain 
of the circuit is [(R2 /R1) +1], so in 
the example above, the gain where 
RI =10 kohm and R2 =100 kohm 
will be 101. 

The unity gain noninverting fol- 
lower (Fig. 1C) is a special case of 
Fig. 1B in which the feedback resistor 
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Fig. 1. Four basic op -amp circuits: (A) inverting follower, (B) noninverting fol- 
lower, (C) unity -gain noninverting follower, and (D) differential amplifier. 

is zero ohms: the output is connected 
directly to the inverting input. This 
circuit provides a voltage gain of one 
( "unity gain "). There are two main 
purposes for the unity gain nonin- 
verting follower: buffering and im- 
pedance transformation. "Buffer- 
ing" means that the circuit provides 
isolation between input and output. 
Thus, variations in load will not af- 
fect the input circuit, an ideal situa- 
tion where oscillators and other such 
sensitive circuits must drive unstable 
loads. Impedance transformation is 

high -to -low: a high input impedance 
reduces to a low output impedance. 
Since the voltage remains the same, 
and the impedance drops at the out- 
put, we can see that the unity gain 
noninverting amplifer provides a 
power gain greater than unity while 
providing a voltage gain of one. 

Finally, we have the dc differential 
amplifier (Fig. 1D). This type of am- 
plifier is used to provide a single -end- 
ed (that is, unbalanced) output from 
a differential (that is, balanced) input 
signal source. Output voltage Vo is 
proportional to the differential volt- 
age (A,d) and the difference between 
input voltages V1 and V2 (V1 V2): 

Vo= AvdX(V1 V2). 
The gain is calculated in much the 

same mananer as for the inverting 
amplifier, and is equal to either 
R3 /R1 or R4 /R2, provided that 
R1 = R2 and R3 = R4 (these equali- 
ties are important). 

The foregoing circuits are based on 
single op -amps. When we use two or 
more op -amps, however, even more 
complex circuits are possible. In the 
remainder of this article we will deal 
with IC versions of the Instrumenta- 
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"The op -amp truly revolutionized analog circuit design." 
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Vo 

Fig. 2. The instrumentation amplifier provides an extremely high input impe- 
dance, high possible gain, and easy design. The gain equation is shown at bottom. 

tion Amplifier (IA) circuit shown in 
Fig. 2. The IA provides an extremely 
high input impedance (similar to the 
noninverting follower circuits), a 
high possible gain, and easy design. 
The gain equation for this circuit is 
shown in Fig. 2. 

The IA circuit shown in Fig. 2 con- 
sists of two sections: Al - A2 and 
A3. Amplifier A3 forms a simple dc 
differential amplifier such as shown 
in Fig. 2, and obeys the same rules. 
The Al -A2 amplifier is a differen- 
tial-noninverting-input-with-dif fer - 
ential- output stage. By cascading 
these two forms of amplifier we ob- 
tain the instrumentation amplifier. 

In many cases, where variable or 
adjustable gain is required, we leave 
all resistors constant except RI. We 
must be careful, however, because 
R1 appears in the denominator of the 
equation in Fig. 2. This location 
means that the gain can be very, very 
large when the resistance of R1 drops 
close to zero. In some cases, the de- 
signer will place a small -value fixed 
resistor in series with a variable resis- 
tor (potentiometer) to adjust gain, 
but limit it to a maximum. 

IC Operational Amplifiers 
The operational amplifier truely rev- 
olutionized analog circuit design. 

For a long time, the only additional 
advances were that op -amps became 
better and better (they became nearer 
the ideal op -amp of textbooks). 
While that was an exciting develop- 
ment, it was not a really new device. 
The big breakthrough came when the 
analog device designers made an inte- 
grated- circuit version of Fig. 2, the 
integrated- circuit instrumentation 
amplifier (ILIA). 

Figure 3 illustrates one popular 
ILIA, Precision Monolithics, Inc.'s 
AMP -01 device. The AMP -01 is 
housed in an 18 -pin dual -inline -pin 
(DIP) package (Fig. 3A). 

The basic circuit for the AMP -01 is 

shown in Fig. 3B. Notice how simple 
the circuit is! There are few connec- 
tions: differential inputs, dc power 
supply (V - and V + ), output, 
ground and two gain- setting resis- 
tors. The voltage gain of this circuit is 

given by: 

Vsd = 20 Rs/Rg. 

Suppose we want to make a differ- 
ential voltage amplifier with a gain of 
x 1000. We need to make a resistor 
ratio of 1000/20, or 50:1. Thus, if R. 
is set to 100 kohms, and Re is 2 

kohms, we will have the required gain 
of 1000. The permissable gain range 
is 0.1 to 10,000. 

The dc power supply voltages are 
up to ± 18 -volts dc. Notice in Fig. 3B 

Fig. 3. Pin designations and basic circuit of Precision Monolithic's IC instrumentation amplifier. 
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Fig. 4. Simplified Burr -Brown INA -101 ICIA circuit and its gain equation. 

that the dc power supply lines are 
heavily bypassed. The 0.1 -µF units 
are used to bypass high frequencies, 
while the 1 -µF units are for low fre- 
quencies. The 0.1 -14F units must be 
mounted as close as possible to the 
body of the amplifier. 

The maximum operating frequen- 
cy depends upon the gain. At a gain 
of 1, the maximum small -signal input 
frequency is 570 kHz, while at a gain 
of 1000 it reduces to 26 kHz. 

The Burr -Brown INA -101 is an- 
other new ICIA device. This ampli- 
fier is similarly simple to connect. 
There are only dc power connections, 
differential input connections, offset 

adjust connections, ground and an 
output. Gain of the circuit is set by: 

A,d = (4 k /Rg) + 1 

The INA -101 is basically a low - 
noise, low -input bias current inte- 
grated circuit version of the IA of 
Fig. 2. The resistors labeled R2 and 
R3 in Fig. 2 are 20 kohms, hence the 
"40k" term in Fig. 4. 

Potentiometer Rl in Fig. 4 is used 
to null the offset voltages appearing 
at the output. An offset voltage is a 
voltage that exists on the output at a 
time when it should be zero (that is, 
when VI = V2, so that VI - V2 = 
0). The offset voltage might be inter- 
nal to the amplifier or a component 

of the input signal. Dc offsets in sig- 
nals are common, especially in bio- 
potential amplifiers such as ECG and 
EEG used to measure electrical im- 
pulses from the heart and brain. 

Still another ICIA is National 
Semiconductors' LM -363 device 
shown in Fig. 5; the miniDlP version 
is shown in Fig. 5A (an 8 -pin metal 
can is also available), while a typical 
circuit is illustrated in Fig. 511. The 
LM -363 device is a fixed -gain ILIA. 
There are three versions: 

Designation Gain 

LM- 363 -10 10 

LM- 363 -100 100 
LM- 363 -500 500 

The LM -363 -xx is useful in places 
where one of the standard gains is re- 
quired and there is minimal space 
available. Two examples spring to 
mind. We could use the LM -363 -x as 
a transducer preamplifier, especially 
in noisy signal areas; the LM -363 -x 
can be built onto (or into) the trans- 
ducer to build up its signal before 
sending it to the main instrument or 
signal acquisition computer. The 
other example is in bioamplifiers. 
The biopotentials are typically very 
small, especially in lab animals. The 
LM -363 -x can be mounted on the sub- 
ject and a higher -level signal sent to 
the main instrument; a little exotic, 
but nonetheless useful. 
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Fig. 5. The 8-pin National Semiconductor LM- 3634s a very 
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Fig. 6. The LM -363AD is a selectable -gain version of the National Semiconductor LM -363 ILIA. 

A selectable -gain version of the 
LM -363 device is shown in Fig. 6; the 
16 -pin DIP package is shown in Fig. 
6A, while a typical circuit is shown in 
Fig. 6B. The type number of this de- 
vice is LM- 363 -AD, which distin- 
guishes it from the LM -363 -x de- 
vices. The gain can be x 10, x 100 or 
x 1000, depending upon the pro- 
gramming of the gain- setting pins (2, 
3 and 4). The programming protocol 
is as follows: 

Gain Desired 

x 10 

x 100 
x 1000 

Jumper Pins 

(All Open) 
3 &4 
2 &4 

Switch Si in Fig. 6B is the GAIN SE- 

LECT switch. This switch should be 
mounted close to the IC device, but is 
quite flexible in mechanical form. 
The switch could also be made from a 
combination of CMOS electronic 
switches (for example, 4066). 

The dc power supply terminals are 
treated in a manner similar to the oth- 
er amplifiers. Again, the 0.1 -µF ca- 
pacitors need to be mounted as close 
as possible to the body of the LM- 
363-AD integrated circuit. 

Pins 8 and 9 are guard shield out- 
puts. These pins are a feature that 
makes the LM- 363 -AD more useful 
for many instrumentation problems 

than other models. By outputting a 
signal sample back to the shield of the 
input lines, we can increase the com- 
mon -mode rejection ratio. This fea- 
ture is used a lot in bipotential ampli- 
fiers and in other applications where 
a low -level signal must pass through a 
strong interference (high- noise) en- 
vironment. 

The LM -363 devices will operate 
with dc supply voltages of ± 5 volts 
to ± 18 volts dc, with a common - 
mode rejection ratio (CMRR) of 130 
dB. The 7 nV /[SQR(Hz)] noise fig- 
ure makes the device useful for low - 
noise applications (a 0.5 nV model is 

available at premium cost). 

Isolation Amplifiers 
There are many applications for in- 
strumentation amplifiers that pre- 
sent a danger to the user. In biomedi- 
cal applications, for example, the is- 
sue is patient safety. There are nu- 
merous signal acquisition needs in 
biomedical instrumentation where 
the patient is at risk. Even the simple 
ECG machine, which measures and 
records the heart's electrical activity, 
was once implicated in patient safety 
problems. Another problem area in 
biomedical applications is catheriza- 
tion instruments. There are several 
tests where physicians insert an elec- 

trode or transducer into the body, 
and then measure the resulting sig- 
nal: the intracardiac ECG places an 
electrode inside the heart by way of a 
blood vein; the cardiac output com- 
puter uses a signal from a thermistor 
inside a catheter placed in the heart 
(also through a vein), and simple 
electronic blood pressure monitors 
use a transducer that connects to an 
artery. In all of these cases we do not 
want the patient exposed to small dif- 
ferences of potential due to current 
leakage from the 60 -Hz ac power 
lines. The solution is use of an isola- 
tion amplifier. 

Another application is signal ac- 
quisition in high voltage circuits. We 
do not want to mix high -voltage 
sources with low- voltage electronics 
because we don't want the low -volt- 
age circuits to blow out. Again, the 
solution is the isolation amplifier. 

Figure 7 shows the basic symbol 
for the isolation amplifier. The break 
in the triangle used to represent any 
amplifier denotes that there is an ex- 
tremely high impedance (typically 
1012 ohms) between the inputs and 
output of the isolation amplifier. 

Notice that there are two sets of dc 
power supply terminals. The V - and 
V + terminals are the same as found 
on all ICIA or op -amp devices. These 
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Fig. 7. Shown here is the basic symbol for the isolation operational amplifier. 

dc power supply terminals are con- 
nected to the regular dc supply of the 
equipment where the device is used. 
Such a power supply derives its dc po- 
tentials from the ac power source by 
way of a 60 -Hz transformer. The iso- 
lated dc power supply inputs (VI - 
and VI + ) are used to power the input 
amplifier stages, and must be isolat- 
ed form the main dc power supply of 
the equipment. The VI - and VI + 
terminals are usually either battery 
powered or powered from a dc-to-dc 
converter that produces a dc output 
from the main power supply by using 
a high frequency (50- to 500 -kHz) os- 
cillator. The high- frequency "power 
supply" transformer does not pass 
60 -Hz signals well, so the isolation is 

maintained. 

Figure 8 pictures the circuit of an 
isolation amplifier based on the 
Burr -Brown 3652 device. This isola- 
tion amplifier is not generally avail- 
able to hobbyists, but would be used 
even in small "one -of -a- kind" pro- 
fessional labs. 

The dc power for both the isolated 
and nonisolated sections of the 3652 
is provided by the 722 dual dc -to -dc 
converter. This device produces two 
independent ± 15 V dc supplies that 
are each isolated from the 60 -Hz ac 
power source and from each other. 
The 722 device is powered from a 
+ 12 -V dc source that is derived from 
the ac power source. In some cases, 
the nonisolated section (which is con- 
nected to the output terminal) is pow- 
ered from a bipolar dc power supply 

that is derived from the 60 -Hz ac 
source, such as a ± 12 VDC or ± 15 

V dc supply. In no instance, however, 
should the isolated dc power supplies 
be derived from the ac power source. 

There are two separate ground sys- 
tems in this circuit, symbolized by the 
small triangle and the regular three - 
bar "chassis" ground symbol. The 
isolated ground is not connected to 
either the dc power supply ground/ 
common, or the chassis ground. It is 

kept floating at all times, and be- 
comes the signal common for the in- 
put signal source. 

Circuit gain is approximately: 

GAIN - 1,000,000 

RI + R2 + 115 

In most design cases, the issue is the 
unknown values of the gain setting re- 
sistors. We can rearrange the equation 
above to solve for (R1 + R2): 

1,000,000 -(115 x GAIN) 
(R1+ R2) = 

GAIN 

Where: RI and R2 are in ohms and 
GAIN is the voltage gain desired 

Let's work an example. Suppose 
we need a differential voltage gain of 

(Continued on page 87) 

Fig. 8. This is the circuit of an isolation amplifier based on the Burr -Brown 3652 device. 
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Beyond Op -Amps 
(from page 56) 

1,000. What combination of RI and 
R2 will provide that gain figure? 

If GAIN = 1000 

(R1 +R2) - 

(R1 +R2) - 

1,000,000 -(115 x 1000) 

1000 

1,000,000 -(115,000) 
1000 

(R1 +R2) - 885,000 

1000 

(RI +R2) = 885 ohms 

In this case, we need some com- 
bination of RI and R2 that adds to 
885 ohms. The value 440 ohms is 
"standard," and will result in only a 
tiny gain error if used. 

Conclusion 
The IC instrumentation amplifier 
and the isolation amplifier open new 
applications that the simple op -amp 
cannot match. Digital electronics 
fans should be aware that linear cir- 
cuits are not dead. They live in more 
sophisticated manifestations than 
ever before. NE 

Is Your Scanner 
Being Wasted? 
(from page 33) 

quency may be shifted many times. 
Also, the range of the stations is lim- 
ited tó very localized coverage. 

Of course, there is a wealth of ac- 
tivity on the older frequencies and 
they are a constant source of chatter. 
Much of this communication is of an 
almost embarrassingly personal na- 
ture, often funny. 

On The Right Track 
Frequently overlooked as a source of 
interesting scanner fare are the fre- 
quencies used by the railroads - 
America's forgotten transportation 
mode. These communications take 
place in the band that runs from 
160.215 to 161.565 MHz, and to a 
limited extent in the uhf band on 
452.325, 452.375, 452.425, 452.475, 
452.775, 452.825, 452.90, 452.925, 

452.95, and 452.975 MHz. 
These frequencies contain commu- 

nications of train dispatchers, yard - 
masters, and conversations between 
train crew members. There's some- 
thing very gutsy and rugged about the 
people who work on the railroads; 
they offer a unique brand of chatter 
which sounds different than any- 
thing else you're liable to hear on a 
scanner. These frequencies are active 
in most areas of the nation. In urban 
areas you'll find the activities of the 
railway police to be pretty grisly as 
they wage a constant battle against 

the vandals and vagrants who fre- 
quent track, yard and station areas. 

You are invited to explore the 
many exciting areas you can access 
via a scanner. Actually, there are 
many more than are described here. 
A scanner puts you on the inside of 
what's going on, and gives you a 
glimpse of events you'd otherwise 
never have known about. The nicest 
part about it is that you can add these 
potentials to your scanner without 
giving up the ability to monitor the 
neighborhood police or fire depart- 
ments you like to hear. AE 
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OR DUAL TRACE SCOPE WITH THIS 

LOW COST DEVICE!! 
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Now you no longer have to spend 
thousands on an expensive multi - 
trace oscilloscope - our single trace 
Hitachi scope combined with this 
module will allow you to view up to 8 
simultaneously occuring analog or 
digital (or both) signals in their real 
time and amplitude relationship. The 
MPX 101 may be used on any oscil- 
loscope, whether single, dual or mul- 
tiple traces. Its low cost makes it a 
particular favorite for designers, test- 
ers, hobbyists and repairmen who 
want to compare and analyze dis- 
played signals in a timing diagram 
format. The controls on the front 
panel of the metal case allow you to 
vary amplitude and spacing of the 
displayed signals. 
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Power: 105 -135 VAC @ 1 V a 
Dimensions: 6.25" x 3.25" x 

4.75" (WxHxD) 
Operating Temperature: 0 -40 °C 
Weight: 1 lb. 10.5 oz. 
Warranty: one year full replacement 

warranty from date of purchase 
Lighted on /off power switch 
Wood grain finished metal case 
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Beyond Op -Amps 
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1,000. What combination of RI and 
R2 will provide that gain figure? 

If GAIN = 1000 

(R1 +R2) - 

(R1 +R2) - 

1,000,000 -(115 x 1000) 

1000 

1,000,000 -(115,000) 
1000 

(R1 +R2) - 885,000 

1000 

(RI +R2) = 885 ohms 

In this case, we need some com- 
bination of RI and R2 that adds to 
885 ohms. The value 440 ohms is 
"standard," and will result in only a 
tiny gain error if used. 

Conclusion 
The IC instrumentation amplifier 
and the isolation amplifier open new 
applications that the simple op -amp 
cannot match. Digital electronics 
fans should be aware that linear cir- 
cuits are not dead. They live in more 
sophisticated manifestations than 
ever before. NE 

Is Your Scanner 
Being Wasted? 
(from page 33) 

quency may be shifted many times. 
Also, the range of the stations is lim- 
ited tó very localized coverage. 

Of course, there is a wealth of ac- 
tivity on the older frequencies and 
they are a constant source of chatter. 
Much of this communication is of an 
almost embarrassingly personal na- 
ture, often funny. 

On The Right Track 
Frequently overlooked as a source of 
interesting scanner fare are the fre- 
quencies used by the railroads - 
America's forgotten transportation 
mode. These communications take 
place in the band that runs from 
160.215 to 161.565 MHz, and to a 
limited extent in the uhf band on 
452.325, 452.375, 452.425, 452.475, 
452.775, 452.825, 452.90, 452.925, 

452.95, and 452.975 MHz. 
These frequencies contain commu- 

nications of train dispatchers, yard - 
masters, and conversations between 
train crew members. There's some- 
thing very gutsy and rugged about the 
people who work on the railroads; 
they offer a unique brand of chatter 
which sounds different than any- 
thing else you're liable to hear on a 
scanner. These frequencies are active 
in most areas of the nation. In urban 
areas you'll find the activities of the 
railway police to be pretty grisly as 
they wage a constant battle against 

the vandals and vagrants who fre- 
quent track, yard and station areas. 

You are invited to explore the 
many exciting areas you can access 
via a scanner. Actually, there are 
many more than are described here. 
A scanner puts you on the inside of 
what's going on, and gives you a 
glimpse of events you'd otherwise 
never have known about. The nicest 
part about it is that you can add these 
potentials to your scanner without 
giving up the ability to monitor the 
neighborhood police or fire depart- 
ments you like to hear. AE 
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Now you no longer have to spend 
thousands on an expensive multi - 
trace oscilloscope - our single trace 
Hitachi scope combined with this 
module will allow you to view up to 8 
simultaneously occuring analog or 
digital (or both) signals in their real 
time and amplitude relationship. The 
MPX 101 may be used on any oscil- 
loscope, whether single, dual or mul- 
tiple traces. Its low cost makes it a 
particular favorite for designers, test- 
ers, hobbyists and repairmen who 
want to compare and analyze dis- 
played signals in a timing diagram 
format. The controls on the front 
panel of the metal case allow you to 
vary amplitude and spacing of the 
displayed signals. 

MODEL MPX101 
FULLY ASSEMBLED & TESTED! 

SPECIFICATIONS 

88 
FULL 1 

YEAR 
REPLACE- 

MENT 
WARRANTY 

- Made In The United States - 
Inputs: 8 signals plus ground via 9 

input leads terminated with alliga- 
tor clips 

Bandwidth: ± 1 dB to 5 MHz 
Impedance: 10.9 K 
Input Voltage: ± 5V peak (diode 

clamped to ± 5 Volt supplies) 
Output: Staircase waveform summed 

with input signals, 0 -800 mV 
full scale 

Step Amplitude: Variable 0 to 150 
mV/ step 

Signal Voltage: Variable 0 to 

150 mV /step @ 5V Input 
Multiplex Rate: Switch selectable, 40 

KHz or 4 KHz 
Impedance: 50 Ohms 
Power: 105 -135 VAC @ 1 V a 
Dimensions: 6.25" x 3.25" x 

4.75" (WxHxD) 
Operating Temperature: 0 -40 °C 
Weight: 1 lb. 10.5 oz. 
Warranty: one year full replacement 

warranty from date of purchase 
Lighted on /off power switch 
Wood grain finished metal case 

DISTRIBUTOR AND REPRESENTATIVE INQUIRIES INVITED i- i- 
E. W. ENGINEERING, INC. 

VISA, MASTERCARD, AMEX TELEPHONE ORDERS ACCEPTED! 
6 Herman Drive, E. Granby, CT 06026 203/651 -0285 
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