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Here it is--a collection of Forrest Mims's classic work from the original Popular Electronics
magazine! Using commonly available components and remarkable ingenuity, Forrest shows you
how to build and experiment with circuits like these:analog computerscolor organsdigital phase-
locked loopsfrequency-to-voltage and voltage-to-frequency convertersinterval timersLED
oscilloscopeslight wave communicatorsmagnetic field sensorsoptoelectronicspseudorandom
number generatorstone sequencersand much, much, more!
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surgeries to treatment of sport-related injuries. In his practice, he treats collegiate, professional,
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surgeries a year. He has also developed an extensive coordinated core nonoperative program of
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visitForewordIt is impossible to think of hobby electronics without thinking of Forrest Mims. Since
his first appearance in Popular Electronics magazine back in 1970, millions and millions of
readers—and that’s not hyperbole or exaggeration—have learned electronics technology thanks
to the fluid, engaging writing and hand-drawn circuit diagrams produced by Forrest Mims.Over
the years, Forrest’s fascination with technology has resulted in some remarkable experiences
and adventures. For example, in January, 1975 Forrest received an assignment to write the
owner’s manual for a new device called the “Altair.” The Altair was the world’s first commercially
available personal computer. While Forrest wrote the manual, a pair of young men named Bill
Gates and Paul Allen, who later founded Microsoft, were hired to create software for the Altair.
Thus, Forrest holds the honor of being the author of the first personal computer book. Later that
year, The National Enquirer asked Forrest to eavesdrop on Howard Hughes at his home in the
Bahamas by bouncing laser beams off his windows. (Forrest wisely declined, although he
figured out how to do it.) Over two decades later, Forrest was named a winner of Rolex’s
international “Spirit of Enterprise” award for his development of simple, low cost devices to
measure atmospheric ozone and the establishment an international network of volunteer
observers to measure ozone. Predictably, Forrest’s devices were able to obtain more accurate
atmospheric ozone measurements than NASA could with their multi-billion dollar network of
satellites! Today, Forrest travels to such diverse locations as the Big Island of Hawaii to lecture
and do scientific research with instruments of his own design. From his humble beginnings in the
original Popular Electronics, Forrest’s work now appears in such journals as Nature and
Scientific American.The Forrest Mims Circuit Scrapbook Volume I and The Forrest Mims Circuit
Scrapbook Volume II are compilations of Forrest’s columns and articles that appeared in Popular
Electronics and Modern Electronics magazines. Volume I consists of material from Popular
Electronics, while Volume II is material from Modern Electronics. These chronicles of Forrest’s
creativity and engineering wizardry are still as valid and useful to electronics hobbyists today
when they were first written. Most of the components used in these circuits are still available; in
cases where certain parts are no longer available, equivalent devices (often with improved
performance) are generally available. Moreover, the real importance of Forrest’s written work—
the teaching of basic electronics principles and a philosophy of electronics design—is
timeless.For over two decades, I have been fortunate enough to be able to count Forrest as a
friend. It is a great pleasure to introduce these two compilations of his work, and I look forward to
the day when I can write the introduction to two more volumes!Harry HelmsPrefaceThe first
electrical circuit I built was a headlight for a homemade soapbox racer. The lamp was soldered
inside a tin can. The switch was made from a bent nail. The light turned on just fine, but it didn’t



turn off completely. When the batteries lasted only a short time, I checked the circuit and found
the problem. Instead of connecting the switch between the battery and lamp, I had connected it
across the lamp. So when I thought the switch was in the off position, it was really short circuiting
the battery.I was 11 years old when I built that soapbox racer. The lesson learned from that
improperly wired “switch” has stayed with me ever since. Even today I never apply power to a
circuit I’ve built until checking and rechecking every connection. All the circuits in this book went
through that checking process before they were first published in Popular Electronics and
Modern Electronics.The circuits in this book are among my favorites. Many are optoelectronic in
nature, which means they detect or emit light. One of my first optoelectronic circuits was a light
sensor that helped control a homemade analog computer that translated 20 words of English
into Russian. The computer’s memory was a bank of 20 miniature trimmer resistors, each set to
indicate a specific word. The word to be translated was dialed into six potentiometers on a
control panel one letter at a time. A battery-powered music box modified to act as a sequential
switch then began connecting the resistors in the memory bank one by one to a Wheatstone
bridge. When the resistance of the word dialed into the input panel matched the resistance of a
sampled trimmer, a −1 to +1 milliammeter indicated 0 current. A small rectangle of aluminum foil
glued to the meter’s needle then blocked the light from a small bulb from reaching a small silicon
solar cell mounted below the pointer. A single-transistor switch then actuated a relay that
switched off the music box. One of 20 red lamps on an output panel then glowed to indicate the
translated word. I built that analog computer for my senior science fair project back in 1962.
Today it would be easy to simulate that computer and all of its operations with a relatively simple
program that will run on virtually any personal computer.Yet while computers can implement
many circuit applications, the circuits in this book demonstrate that there are many circuits that
even computers cannot emulate. That’s another lesson I’ve learned about electronics. While I’ve
been using personal computers since 1975, circuits like those in this book still provide the most
fun and the biggest challenges. Why just yesterday I was experimenting with a new kind of Sun
photometer. I used a state-of-the-art Pentium and a spreadsheet program to calculate the values
of several key gain resistors based on a series of actual Sun measurements. The computer
saved a few minutes of design time. But the real challenge of this project was soldering and
desoldering actual resistors until the circuit provided exactly the required gain. I can hardly wait
to calibrate this new instrument on my next trip to Hawaii’s Mauna Loa Observatory.Electronics
offers both career opportunities and solutions to countless practical problems. Electronics is also
one of the most fascinating and creative of hobbies. I hope you enjoy building and using the
circuits in this book as much as I do.Forrest M. Mims, IIIOneAnalog Circuits1. Analog Computer
Circuits, Part 1If you think analog computers are a relic of the past, think again. Recent
developments have made possible sophisticated analog computer ICs with unprecedented
accuracy. One of these new circuits, billed as the first single-chip analog computer is the Analog
Devices AD534 precision multiplier-divider. Available for about the same price as many
microprocessors, the AD534 can perform all the MDSSR functions (multiplication, division,



squaring and square rooting) with ease and in real time. There are no elaborate software
requirements and the AD534 will perform any of these operations while the input information is
changing at up to 1 MHz.Analog vs Digital.Most readers of this column already know the
essential difference between analog and digital integrated circuits. Analog ICs, such as
amplifiers, oscillators and timers, process or produce signals whose amplitudes are
continuously variable over a given range. Digital ICs, on the other hand, process or produce
signals which occupy either a low or high state.An amazing number of applications use either
digital or analog circuits. Lately, of course, the trend has been toward digital almost exclusively.
In some ways, however, this trend (or is it a fad?) is clearly unfortunate. Consider the digital
voltmeter (DVM). The unprecedented accuracy of a three- or four-digit DVM is ideal for making
measurements of fixed voltages. But have you ever tried to monitor a slowly changing voltage
with a DVM? If not, good luck! The stream of constantly changing numbers is almost impossible
to read and makes little sense. An old-fashioned panel meter with an analog readout (pointer
and scale) offers a much better solution to this common problem.When it comes to computers,
digital technology has the advantage in accuracy, programmability and computing power.
Analog computers, however, are ideal for simulating a real-world system such as a structure,
machine, dam, aircraft or missile. Simply rotating a few control knobs enables the computer’s
operator to observe the effect of changes on the system as they take place (in real time).
Contrast this simple procedure with the elaborate software manipulation required to vary
conditions in a digital computer’s program.Analog computers have one further advantage you
should know about: low cost. You can build an analog computer capable of solving a general
quadratic equation (ax2 + bx + c = 0) with a dozen or so inexpensive op amps, a few dozen
resistors and potentiometers and a digital voltmeter. And you can rewire (reprogram) this
computer so that it can solve many other mathematical functions and equations also.Adding
with Resistors.A simple analog adding calculator can be made from a pair of linear
potentiometers equipped with pointer knobs and scales and an ohmmeter. For best results,
compromise with digital technology and use a digital multimeter. The circuit for the adder is
shown in Fig. 1.Fig. 1 Analog adder made from potentiometers.The total resistance of two
resistors in series is the sum of their individual resistances. If the potentiometers in Fig. 1 each
have a resistance of 1000 ohms, the adder will add any two numbers of up to 1000 and produce
any total up to 2000. The accuracy of the adder is controlled by the accuracy of the ohmmeter,
the linearity of the potentiometers and the calibration of the scales. Thanks to the high accuracy
of the DMM, the error introduced by the ohmmeter can be very small. With this concession to
digital technology, the potentiometers and their calibration scales become the major sources of
error.Assuming perfectly linear potentiometers are not available (a reasonable assumption), the
adder can be custom calibrated with the help of the DMM. This is done by connecting the DMM
to a pot and marking its scale with a fine index line at each 100-ohm interval. The index lines are
then labeled 0, 100, 200, 300…. 1000 and the space between index lines is further subdivided
into smaller increments.Depending upon the care exercised in calibrating the adder (a large-



diameter scale helps), its accuracy can be better than 1 percent. While this is not as accurate as
a pocket calculator, the analog adder operates in real time since it continuously adds even as
the dials are being turned to new settings!Multiplying with Resistors.Figure 2 shows a resistive
circuit that multiplies. The circuit consists of two potentiometers and a DVM or conventional
voltmeter. Potentiometer R1 forms a voltage divider across the 10-volt power supply and R2
forms a voltage divider across R1’s wiper and ground.Fig. 2 Simple multiplier made from
potentiometers.Can you figure out how the circuit multiplies? It’s easy if you ignore the
resistance of the two pots and consider only the positions of their wipers. Assume, for example,
R1 has a scale with eleven equally spaced lines marked 0 through 10. Also assume R2 has a
similar scale marked 0 through 1 in increments of 0.1. When R1’s shaft is rotated to its midpoint,
its dial points to the 5 on its scale. This means the voltage at R1’s wiper is 5 volts. If R2 is rotated
to its midpoint or 0.5, the incoming voltage is again divided in half. The resulting voltage at R2’s
slider is 2.5 volts, the product of the two potentiometer settings (5 × 0.5 = 2.5).Improving the
Accuracy of Resistor-Calculators.The adder and multiplier circuits we’ve been experimenting
with can be made much more accurate by using ten-turn dial potentiometers. These pots are
fairly expensive when new but can sometimes be purchased used or surplus from mail-order
parts suppliers. They have a built-in turns indicator usually marked from 0 to 100 and can
increase the accuracy of a simple resistor calculator significantly.Op Amps Add Versatility.The
simple resistor calculators we’ve experimented with are ideal for simple applications where input
information is programmed by hand or, perhaps, by a mechanical device. Many applications,
however, require that the information enter the calculator in the form of a raw voltage.Typically, a
transducer is used to convert information such as windspeed, the rate of fluid flow through a
pipe, temperature, weight or some other variable information into a representative voltage. This
voltage may then be mathematically combined with the voltage from one or more other
transducers to produce an output voltage.Op Amp Fundamentals.Figure 3 illustrates the most
important principle of the op amp—the output voltage (VOUT) of an op amp equals the product
of its feedback resistance (RF) and the incoming voltage (VIN) divided by the input resistance
(RIN). Algebraically, this is expressed as VOUT = −RF VIN/RIN. This simple relationship or
transfer function means an op amp can both multiply and divide. If RIN is 1 ohm, then the op
amp will multiply the input voltage times the feedback resistance. Likewise, if the input voltage is
a fixed 1 volt, the op amp will divide the feedback resistance by the input resistance.Fig. 3 Basic
op amp circuit.Note that a negative sign appears in the transfer function. This is so because
input signals are applied to the inverting input of the op amp which causes output signals to be
the opposite polarity with respect to the input signals. If RF equals RIN and a + 1-volt dc level is
applied between RIN and ground, the output of the op amp will be −1 volt—the same magnitude
(absolute value), but the opposite polarity. Keep this change of sign in mind when experimenting
with this and the following circuits in this two-part series, all of whose op amps are employed in
the inverting mode.You can easily demonstrate op amp multiplication and division with a
common op amp such as the 741, several potentiometers and a digital voltmeter. Figure 4



shows the 741 pin connections and how to connect the pots to the 741.Fig. 4 Op amp
multiplication.The op amp’s offset voltage will introduce a small error in the output voltage.
Figure 4 also shows how to connect a 10,000-ohm pot to the 741 to alleviate this problem.
Adjust the pot so that the 741 output is exactly zero when pin 2 is grounded.As you’ve probably
noticed, these methods of using an op amp to multiply and divide still require at least one
potentiometer adjustment to perform a calculation. There’s a clever way to use op amp to
multiply and divide without having to make manual potentiometer adjustments, and we’ll
examine it in detail in the second installment of this series. Meanwhile, let’s look at ways to add
and subtract using op amps that don’t require potentiometer adjustments.Adding with an Op
Amp.Figure 5 shows an op amp adder that will accept two input voltages, add them and deliver
the sum as an output voltage. Summing amplifier is the technical name for this circuit.Fig. 5 Op
amp summer.Because the feedback resistor (RF) has the same resistance as R1 and R2, the
voltage gain of the op amp is 1. This means the op amp has unity gain and doesn’t alter the
result of an addition. Changing the resistance of RF or both R1 and R2 will cause the circuit to
both add and multiply.Resistor R3 helps reduce errors caused by the op amp’s input bias
current. In non-critical applications it can be eliminated, in which case pin 2 is connected directly
to ground. If you use R3, its value should be equal to the reciprocal of the sum of the reciprocals
of R1 and R2. In other words, R3 = 1/(1/R + 1/R2) = R1R2/(R1 + R2).For a quick demonstration
of how the adder works, connect the positive terminals of a few flashlight cells to the inputs.
Connect the negative terminals of the cells to the adder’s ground. If the cells each have identical
voltages of 1.5 volts, the adder’s output will be −3.0 volts.For the best results, use 1-percent
tolerance resistors for R1, R2 and RF. If you don’t have, can’t find or can’t afford 1-percent
resistors, use a DMM to select three resistors having values as closely matched as possible.You
can use a summing amplifier to add more than two voltages simply by connecting additional
resistors to the noninverting input. The new resistors should equal the input resistors and R3
should be adjusted according to R3 = 1/(1/R1 + 1/R2 + 1/R3 + … 1/RN).Averaging with an Op
Amp.A summing amplifier can also average two incoming voltages. All that’s necessary is to
make the ratio RF/RIN equal to the reciprocal of the number of input voltages. For example, to
convert the adder circuit of Fig. 5 to an averager, leave the values of R1 and R2 undisturbed but
change RF to 50,000 ohms. This causes the ratio of RF/RIN (1/2) to equal the reciprocal of the
number of inputs (2).If you want to average more than two voltages, add additional input
resistors and adjust the values of RF and R3 accordingly. The average of five incoming voltages
is their sum divided by 5. Therefore, the reciprocal of RF/RIN should be 5. Because the
resistance of RIN is fixed at 100,000 ohms, the resistance of RF should be 20,000
ohms.Subtracting with an Op Amp.The final analog computer circuit we will look at this month is
the subtractor or difference amplifier shown in Fig. 6. This circuit is based upon the ability of an
op amp to amplify the difference between the two voltages applied to its two inputs. If the ratio of
RF to the circuit’s input resistors is 1, the circuit has unity gain and will produce the arithmetic
difference of two input voltages.Fig. 6 Op amp subtraction.The output voltage of the difference



amplifier equals V2–V1. The circuit works for both positive and negative inputs and outputs.
Thus, if V1 is +5 volts and V2 is +10 volts, the output will be +5 volts. Of course, the output
cannot exceed the power supply voltage.Incidentally, an analog computer circuit that handles
any of the four possible combinations of positive and negative inputs is called a four-quadrant
device. A two-quadrant device responds to two of the four combinations of input polarities, and
one-quadrant devices respond to one combination of input polarities.Analog Computer Circuits,
Part 2One way to multiply or divide two voltages is to convert both to their logarithms.
Multiplication is accomplished by adding the two logs with a summing amplifier. Division can be
performed by subtracting the log of the divisor from the log of the dividend with a difference
amplifier. The antilog of the result is the product or quotient, as the case may be.Now that the
pocket calculator has replaced the slide rule, logarithms are not used nearly as often as they
once were. So let’s take time out for a brief refresher course before moving on.Logarithms.Any
decimal number can be expressed as a power of ten. For example, 1,000 is 103 and 736 is
102.8669. In both cases, the exponent of the base 10 is referred to as the number’s logarithm.
One important aspect of logarithms is revealed by the following table.NumberPower of
TenLogarithm110°010101110010221,000103310,0001044100,00010551,000,0001066As you
can see, a very wide range of decimal numbers occupies a very small range of logarithms. The
resulting compression provides a handy shorthand method for processing very large numerical
variations.We noted earlier that two numbers can be multiplied by adding their logs or divided by
subtracting their logs. That’s how a slide rule works. It’s also possible to add and subtract
numbers using ordinary rulers. Place one ruler atop the other. Then align the 0 on the top ruler
with one of the numbers being added on the bottom ruler. Next, find the second number being
added on the top ruler. This number will point to the sum on the bottom ruler.Rulers have a linear
scale—their divisions are equally spaced. A slide rule, on the other hand, has a logarithmic or
compressed scale. When you multiply two numbers with a slide rule, you are actually adding
their togs.Look back at the table and multiply 1,000 × 100 to see how this works. The log of
1,000 is 3 and the log of 100 is 2. 3 + 2 = 5 so the log of 1,000 × 100 is 5. From the table, 5 is the
log of 100,000 (or 100,000 is the antilog of 5) so 1,000 × 100 = 100,000. Try dividing a few
numbers in the table by subtracting the log of the divisor from the log of the dividend and taking
the antilog of the remainder to obtain the quotient.Before the advent of the pocket calculator, the
use of logarithms was standard procedure when multiplying and dividing very large or very small
numbers. Logs are also handy for extracting roots. The cube root of 27, for example, is found by
dividing the log of 27 by 3 and extracting the antilog of the result. (The log of 27, 1.4314, divided
by 3 is 0.4771; the antilog of 0.4771 is 3, the cube root of 27.)Incidentally, numbers in any
number system can be expressed as logarithms. Can you figure out the logarithms of the binary
sequence 1, 10, 100, 1000 … 10000000? (Hint: 1000 is 23.)The Logarithmic Amplifier.The
voltage drop across a diode is related logarithmically to the current flowing through it. This
makes possible the conversion of a voltage into its log.Practical log conversion is best achieved
by using a transistor in a common- or grounded-base configuration instead of a diode. Figure 1



shows how the transistor is connected in place of an op-amp’s feedback resistor to give what is
called a transdiode logarithmic amplifier. Although the circuit is an amplifier, you can think of it as
a log generator to avoid confusion.Fig. 1 Schematic of a basic logarithmic amplifier.Not all
transistors exhibit logarithmic properties over as wide a range as might be required. Many,
however, do and one readily available type is the 2N2222 (equivalent to Radio Shack type
RS2009).You can easily assemble a breadboard log amplifier with the help of a 741 or any other
frequency-compensated op amp. Figure 2 shows the details of a practical version of the circuit in
Figure 1. Capacitor C1 does not assist in the log conversion process. Instead, it reduces the ac
gain of the op amp and helps eliminate high-frequency oscillation which might otherwise occur.
Diode D1 protects the transistor from excessive reverse base-emitter bias from the op amp’s
output.Fig. 2 A practical logarithmic amplifier circuit.On the following page are the results I
obtained from a breadboard version of the circuit in Fig. 2.Input (mV)Output
(mV)1−32210−371100−4321,000−49410,000−557In all cases, the output voltage was inverted
(negative), but this is of no major consequence as we can either ignore the polarity or, if desired,
change it with an inverting buffer.Figure 3 shows the data in the table plotted on a semi-log
graph. The graph is called semi-log because one axis is linear (the output voltage) and the other
is logarithmic (the input voltage). A plot of the data produces a straight line on the semi-log
graph, so we know the log amplifier is reasonably accurate over the given range.Fig. 3 Operation
of a log amplifier plotted on semi-log graph paper.Now that we’ve seen how a real log amplifier
works, let’s look at a few of its characteristics. First, notice the very small range in output voltage
(a few hundred millivolts) that results from the huge swing in input voltage (10,000 millivolts).
This characteristic of log amplifiers is ideal for compressing very large voltage excursions into
more manageable form.A second characteristic is that the transfer function of our log amplifier is
not − VOUT = log (Vin). Rather, it’s approximately − VOUT = 0.06 log vin + K where K is a
constant. For the log amplifier I built, K is 0.495. Your amplifier might yield a slightly different K.
You can use a programmable calculator to compute the exact transfer function.A third
characteristic of our log amplifier is that it is temperature sensitive. That’s not good because the
current flowing through the 2N2222 causes heating which can alter the accuracy of the circuit.
The error this introduces can be substantial, easily several percent.Yet another characteristic of
the amplifier is that the input offset voltage of the op amp can cause a substantial but predictable
error when the input voltage is small. This problem can be alleviated by connecting a 10,000-
ohm potentiometer to the 741 as shown in Fig. 4. Pin 2 of the 741 is then temporarily shorted to
ground and the offset potentiometer is adjusted until VOUT is exactly zero volt.Fig. 4 Adding an
offset pot to the log amplifier.A more significant error is introduced by the op amp’s bias current.
This ranges from 80 to 500 nonoamperes for the 741. Figure 4 also shows how to compensate
for this problem by temporarily replacing the components in the feedback loop with a 100,000-
ohm resistor and adding a bias current potentiometer. The pot is then adjusted until −VOUT
exactly equals VIN over as wide a voltage range as you expect the amplifier to receive.You don’t
have to make all these calibration adjustments when building a simple log amplifier for



experimental purposes. But if you decide to build your own analog computer, for best results
you’ll need to calibrate or trim each op amp using the methods described.The Antilogarithmic
Amplifier.Analog computing circuits that use log amplifiers require one or more antilog amplifiers
to convert results back into linear form. Antilog amplifiers can also be used to expand narrow
ranging input voltages into much wider and therefore more easily resolved form.If the transfer
function of an ideal log amplifier is VOUT = log (VIN) then the transfer function of an ideal antilog
amplifier is VOUT = 10VIN. In an actual circuit, however, the transfer function is the inverse of the
log amplifier’s. The differneces between ideal and actual transfer functions are therefore
compensated.Figure 5 shows the circuit for a working antilog amplifier you can make. An
interesting experiment is to connect the input of the antilog amplifier to the output of the log
amplifier in Figure 2. If both amplifiers are perfectly accurate, the transfer function for the
combination will be VOUT = VIN.Fig. 5 Schematic of an anti-logarithmic amplifier.Here are the
results I obtained from a log-antilog combination with no calibration adjustments:VIN (mV)VOUT
(mV)1110−6100−1111,000−1,20510,000−11,490As you can see, the error is fairly high.
Calibrating both amplifiers using the methods previously outlined will provide much better
results.The Analog Multiplier.Now that we’ve built log, antilog and summing amplifiers, we can
build an analog multiplier. A block diagram for the multiplier is shown in Fig. 6 and a complete
circuit in Fig. 7.Fig. 6 Block diagram of a logarithmic multiplier.Fig. 7 Analog logarithmic multiplier
circuit.The maximum error of the multiplier is easily in excess of 10 percent. Can you improve
this figure over several decades of input voltage? (Hint: Use careful calibration procedures and
try to keep all feedback transistors at the same temperature by, say, bonding them together with
epoxy cement.)You can convert the multiplier into an analog divider simply by changing the
summing amplifier into a difference amplifier.Single-Chip Multipliers.Contrary to my usual
practice of breadboarding every circuit that appears in this column, I must confess to not having
assembled the multiplier in Fig. 7. Several single IC multipliers that include all necessary
amplifiers and transistors on the same silicon chip are now available, and they’re much easier to
use and more accurate because all circuit elements on the chip are at the same temperature.
One such multiplier is Motorola’s MC1595.Fig. 7 A moving-dot voltage indicator.Single-chip
multipliers like the MC1595 require many external calibration resistors, but recently Raytheon
and Analog Devices introduced single-chip multipliers that include built-in error correcting
features. Raytheon’s chip is the 4200 and Analog Devices’ is the AD534.The 4200 is much less
expensive than the AD534, but the latter is far superior to any previous single-chip multiplier
because it includes 12 calibration resistors that have been factory-trimmed to a high degree of
accuracy by a pulsed laser. The laser zaps away bits of thin-film calibration resistors that have
been previously deposited directly on the silicon chip until a specified accuracy is reached.The
AD534 is being billed as the first single-chip analog computer. Having experimented with both
overly demanding, temperature-sensitive log amps and now the AD534, I’m more than willing to
accept this enthusiastic claim. Figure 8 shows why. All the circuits shown are complete—no
calibration resistors are required.Fig. 8 Applications for the AD534 multiplier.Here’s an example



of the results I obtained for an AD534 connected as a multiplier and a square rooter:As you can
readily see, the AD534 is exceptionally accurate. If you want to experiment with the AD534,
you’ll have to order one from an Analog Devices representative. Write the company for a list of
reps and a specification sheet (Route One, Industrial Park, Box 280, Norwood, MA 02062). The
single-quantity price is $26.00 for the lowest accuracy version (AD534J; ± 1% total error). If the
price seems high, look at it again after you’ve spent a frustrating evening trying to calibrate a
homebrew multiplier. If you prefer digital circuits, consider the cost of the hardware and the time
to de velop software for a microprocessor that will perform the same functions.2. The Analog
Sample/Hold CircuitMICROPROCESSOR enthusiasts are constantly seeking simple ways to
interface small controllers and computers with the outside world of analog signals. One well-
known analog circuit with many interfacing applications is the op-amp sample/hold (or sample
and hold) circuit.A sample/hold circuit stores in a capacitor the instantaneous voltage present at
its input. The stored voltage, which can represent anything from the intensity of light illuminating
a photocell to an audio signal, can be converted into digital form by an analog-to-digital
converter for processing by a microprocessor. What’s more, a sample/hold stage can be used in
many different analog applications.Simple Sample/Hold Circuit.Figure 1 schematically shows a
very simple but functioning sample/hold circuit. The key component of the circuit is capacitator
C1. When switch S1 is momentarily toggled to its sample position, the capacitor charges to the
voltage present at the input. The charge on the capacitor is monitored by ICI, an op amp with a
very high input impedance, which should be an NE536 or similar amplifier with a FET input
stage. When switch S1 is released, it returns to its center (off) HOLD position and disconnects
C1 from the input of the circuit. Because the op amp’s input impedance is very high, the charge
stored in the capacitor is effectively trapped and the voltage across C1 remains almost constant
for an appreciable amount of time.Fig. 1 Schematic of a demonstration sample/hold circuit.The
op amp is connected as a voltage follower with unity gain. This arrangement permits the charge
on the capacitor to be measured by a standard multimeter without significantly altering the
amount of stored charge. Connecting a conventional, low-input-impedance voltmeter across the
capacitor would, of course, quickly drain the capacitor of its charge. After the magnitude of the
voltage sample has been determined, the switch can be momentarily placed in its RESET
position to remove the charge from the capacitor and prepare the circuit for a new sample.It’s
easy to operate the circuit in Figure 1. Use a 1.5-volt cell to supply the input voltage. With the
sample switch closed, adjust calibration potentiometer R1 until the meter reads 0.15 mA, which
corresponds to a voltage of 1.5 volts.You can omit the milliammeter and potentiometer if you
prefer to connect a voltmeter directly to the output of the op amp. Because the op amp is
connected as a unity-gain voltage follower, the voltage at its output will be identical to that at its
input. This does not mean that the op amp is superfluous. To the contrary, it provides the very
high input impedance that permits the voltage stored across C1 to be monitored without
significant loss.After you have sampled the input voltage, allow the switch to return to its hold
position and monitor the meter reading. If C1 is a high-quality, low-loss polystrene or Mylar unit,



the sampled voltage will remain constant for a substantial period of time. Lower-quality
capacitors including some ceramic discs will lose their stored charge at a much faster rate, as
will be evidenced by a noticeable downward movement of the meter needle.To increase the
circuit’s useful storage time, a capacitor larger than the one specified in Figure 1 can be used.
But it will require a longer sample interval to charge up to the full input voltage, especially if the
sample generator has a significant internal impedance.Incidentally, if you don’t have an NE536
or similar FET-input op amp on hand, you can use a standard 741 for demonstration purposes.
You’ll have to increase the capacitance of C1 to 1μF or more, because the stored voltage will be
lost much more rapidly than if a FET-input op amp is used, due to the 741’s much lower input
impedance.Adding Digital Control.The circuit we have just described is fine for demonstration
purposes, but the circuit shown in Fig. 2 is more practical because the sample/hold process is
controlled by logic levels instead of mechanical switches. As you can see by comparing the two
circuits, the ganged sample/hold/reset switches have been replaced by two of the analog
switches in a CD4066 quad analog switch. Furthermore, the NE536 has been replaced by a
CA3130 MOSFET-input op amp, but the circuit will work with the 536 as a pin-for-pin
replacement without C2.Fig. 2 Digitally controlled sample/hold circuit using CMOS chips. To
sample: make sample enable high. To reset: make reset enable high.The analog switch is a
newcomer to this column. Like the three-state gate described in the March 1978 issue, the
analog switch has an enable input and ports that allow a signal to enter and leave. The analog
switch, however, can transmit or block both digital logic levels and analog (variable) voltages.
Like a conventional mechanical switch, an analog switch can pass a signal in either direction.
Figure 3 shows the equivalent circuit of the analog switch.Fig. 3 Equivalent circuit of a basic
analog switch.The CA3130 op amp is also a newcomer to this column. I’ll have more to say
about both it and the CD4066 in future columns. Meanwhile, suffice it to say that the CD4066 is
one of a family of CMOS analog switches having many fascinating applications. The switches in
the CD4066 are off when their enable inputs are low and on when their enable inputs are high.
The “off” resistance is around 1011 ohms, and the “on” resistance is typically 80 ohms.To
sample a voltage with the circuit shown in Fig. 2, the sample enable input, which is normally kept
low, is allowed to go high. The sampled signal level is then stored by C1 until the reset enable
input, which also is normally kept low, goes high. This allows C1 to discharge to ground through
ICIB.If the reset enable input is again made low, C1 will immediately store the voltage present at
the input if the sample enable input is still high. Of course, if the sample enable input is low, C1
will not receive the new sample until the sample enable input is high. (Ordinarily, both enable
lines should not be allowed to go high simultaneously. Otherwise, the signal source output will
be connected to ground via a low-impedance path.)As you can see, there are several operating
possibilities for the circuit, each of which can be readily selected by a two-bit logic signal. The
factors governing the calibration of the output meter and the selection of C1 are identical to
those that apply to the previous circuit.Applications.The most straightforward application for the
sample/hold circuit of Fig. 2 is an analog memory circuit capable of storing a transduced



temperature, light intensity, or pressure, or any other analog signal for later processing.The
circuit can also be used as a timer. Replace meter M1 and R1 with a LED and 330-ohm series
resistor. The LED will glow until the voltage across C1 drops below the LED’s turn-on threshold.
Increase the capacitance of C1 for longer time delays. Increasing the magnitude of the sampled
voltage up to a maximum of VDD will also give longer delays.You can create unusual sound
effects by connecting the output of the circuit to a voltage-controlled oscillator such as the 566
function generator or unijunction transistor relaxation oscillator. For a siren effect, connect a high
resistance (e.g. 1 megohm) between pin 4 of ICIB and C1. When the reset enable input is
activated, the output voltage will slowly decrease, causing the vco to generate a siren-like
sound. The upward wail of the siren is obtained by connecting a second high-value resistor
between pin 1 of IC1A and the input voltage source.3. The Analog ComparatorTHE ANALOG
comparator is a circuit that compares an input voltage to a reference voltage and changes the
state of its output when the input exceeds the reference. This decision-making ability has many
important applications, several of which we will examine here.A simple analog comparator can
be made by using an operational amplifier without a feedback resistor. The role that a feedback
resistor usually plays is to pass some of the amplified signal back to the inverting input of the op
amp, thus reducing the amplifier’s gain. Without the gain limitation imposed by a feedback
resistor, the op amp operates at its maximum (“open-loop”) gain. A small input voltage will then
cause the output of the op amp to change state immediately. The resulting voltage swing is so
dramatic that the comparator can be considered a switching circuit.The operation of a
noninverting analog comparator is shown in Fig. 1. A known reference voltage is applied to the
comparator’s inverting (−) input, and an unknown voltage to its noninverting (+) input. The LED
indicates the status of the comparator’s output.Fig. 1 Operation of a basic comparator circuit.In
operation, the output of the comparator is at −V when the input voltage is more negative than the
reference voltage which in this case is ground. The LED indicates this by glowing. When the
input voltage is more positive than the reference voltage, the comparator output switches from -
V to +V and the LED is extinguished. Because the reference is ground, a very small positive
voltage will trigger the comparator. In both cases, the voltage difference is measured in
millivolts.Comparator Demonstration Circuit.Unless you have previously worked with analog
comparators, you will probably want to take a few minutes to breadboard the simple
demonstration circuit shown in Fig. 2 before trying any of the circuits that will be described
later.Fig. 2 Schematic of a demonstration comparator circuit.The comparator in this circuit is a
741 op amp without a feedback resistor. A variable input voltage is provided by R1, a
potentiometer operated as a voltage divider. Resistors R2 and R3 form a fixed voltage divider
that provides a reference at half the supply voltage.When the input voltage is below the
reference voltage, the LED glows to indicate that the comparator’s output is low (at ground). The
LED switches off to indicate the comparator’s output is high (at +9V) as soon as the input
voltage exceeds the reference voltage. With the values shown in Figure 2, R1’s wiper will be at
the center of its rotation when the comparator switches, assuming that R1 is a linear



potentiometer.Sine- to Square-Wave Converter.One of the simplest applications for a
comparator is the sine- to square-wave converter shown in Fig. 3. The reference voltage is
ground so the comparator switches its output to its maximum positive value when the sine-wave
voltage exceeds ground potential. Similarly, the comparator output switches to its maximum
negative value when the sine-wave voltage is at or below ground potential. The result is a square
wave with the same period as the sine wave.Fig. 3 Comparator as sine-wave to square-wave
converter.Peak Detector.Another simple but useful comparator application is the peak detector.
As its name implies, the peak detector retains the maximum amplitude of a fluctuating input
voltage for subsequent readout and analysis. Suitable transducers connected to the input of a
peak detector permit the determination of such parameters as maximum wind velocity,
temperature, light intensity, vehicle speed, and many others.Figure 4 shows a basic peak
detector circuit that you can easily assemble. To understand its operation, assume that C1 is
initially discharged (i.e., the reset switch has been momentarily closed). This means that the
reference voltage at the inverting input of the comparator is 0 and that a positive input voltage
will immediately switch the output of the comparator to +9 volts. The comparator output will then
begin to charge C1 until the voltage across the capacitor equals the input voltage. As soon as
the two voltages are equal, the comparator output immediately drops to ground potential and C1
stops charging.Fig. 4 Schematic of a simple peak detector.If a subsequent input voltage
exceeds the charge stored in C1, the comparator output will again go high and allow C1 to
charge to the new peak voltage. This tracking process ensures that C1 always retains the peak
voltage applied to the input. When you want to track a new (lower) peak voltage, close the reset
switch to discharge C1.The peak detector circuit is subject to drift because C1 will gradually lose
its charge. Diode D1 prevents discharge through the comparator, but discharge can take place
through the output circuitry or through the dielectric leakage of the capacitor. For these reasons,
it is important to use a low-loss polystyrene or Mylar capacitor for C1 and a high-impedance
monitoring circuit.The Window Comparator.The comparator circuits described thus far operate
in the noninverting mode. That is, they generate an output identical in polarity to the input
voltage. However, a comparator can be operated in the inverting mode by simply reversing the
two inputs. This makes possible many additional applications, one of which is called the limit or
window comparator.A window comparator can be made from three-fourths of an LM339 quad
comparator as shown in Fig. 5. This chip was the subject of the January 1977 Experimenter’s
Corner. Unlike the 741, the LM339 is specifically designed to operate with a single-polarity
power supply.Fig. 5 A simple window comparator circuit.In operation, IC1C functions as a
noninverting comparator, but IC1A operates as an inverting comparator. Potentiometer R1 and
fixed resistors R2 and R3 form a divider chain that delivers slightly different voltages to the two
comparators. These voltages define the upper and lower limits of the circuit’s switching “window,”
which can be changed easily by varying R2 and R3.The output of each comparator in the
LM339 is an uncommitted collector. This means two or more outputs can be tied together to
achieve a logic OR function without using diodes or a logic gate.When the input voltage is less



positive than IC1C’s reference voltage, the output collector of this comparator is low. When the
input voltage is more positive than IC1A’s reference voltage, its output collector is low. When
either output is low, the other is pulled low, causing a LED connected between the two outputs
and the positive power supply to glow.If the input voltage falls in the window region between the
two reference voltages, the output of each comparator is high. This will cause a LED connected
to the outputs to be darkened.It’s usually desirable for an indicator to light when a desired
condition is met. The third comparator in Fig. 5 serves this purpose by inverting the output of the
window comparator. The LED then glows only when the input voltage falls within the window
region.An even more useful version of the circuit is shown in Fig. 6. Here, the third comparator is
employed as a NAND gate. Three LED’s connected to the outputs of all three comparators
provide a high/window/low indication. For best results, use a green LED for the window indicator
and red LED’s for the high and low indicators. The green LED will glow when the input voltage is
within the window. The red LED’s will indicate that the input voltage is either above or below the
window. The LED’s should be mounted in a vertical row with the high LED on top, the window
LED in the middle, and the low LED on the bottom.Fig. 6 Multiple-LED window comparator.If you
use three different colors for the LED’s, the circuit will tell you whether the input voltage is above,
below, or in the window no matter how the LED’s are mounted. A red LED connected to the
output of IC1A, for instance, would indicate a high voltage. A yellow LED at IC1C would indicate
a low voltage. Finnally, a green LED at IC1D would indicate an input voltage within the
window.Incidentally, the comparator used as a NAND gate in Fig. 6 can be replaced by a
conventional TTL 7400 NAND gate. In fact, the first breadboard version of the circuit I
assembled used a 7400. Similarly, the third comparator in Fig. 5 can be replaced by one of the
inverters in a 7404 hex inverter or an npn transistor and a 10,000-ohm base resistor. Keep this in
mind when building a window comparator in a complex circuit that in cludes digital logic chips. A
7400 with an unused gate will allow you to eliminate the extra resistors required by the com
parator NAND gate.4. Voltage-to-Frequency ConvertersMANY INTERESTING circuit
applications have been made possible by some relatively new monolithic ICs that convert
voltages applied to their inputs into pulse trains whose frequencies vary in step with changes in
the input voltages. In the past, voltage-to-frequency or simply V/F converters were available only
as expensive hybrid modules or do-it-yourself patchwork versions made from IC timers and op
amps. This month, we’ll look at several straightforward applications for two new V/F chips.V/F
Converter Basics.Figure 1 is a simplified block diagram of a basic V/F converter. The circuit
functions as a relaxation oscillator whose frequency is determined by the voltage applied to the
noninverting input of the comparator. If capacitor C1 is initially discharged, the output of the
comparator will switch to the positive supply voltage as soon as the input voltage becomes
positive. This triggers a one-shot timer that closes a switch to connect a constant current source
to C1 for a fixed time interval determined by the values of timing components RT and CT
Depending on many factors, this one injection of charge might develop a voltage across C1 that
is more positive than the input voltage. If this happens, the one-shot will not be triggered again



and will remain in its “off” state. The comparator will continue to monitor the input.Fig. 1
Functional diagram of a typical voltage/frequency converter.This charging cycle will be repeated
any time the input voltage becomes more positive than that across C1. In the meantime, C1 is
gradually discharged by R1. Should the voltage across C1 fall below the input voltage, the
charge sequence will be repeated—even if the input voltage has not changed.This automatic
tracking process, known as charge balancing, enables the circuit to generate a pulse train
whose frequency is precisely proportional to the input voltage. The output pulses developed by
the one-shot timer are buffered by transistor Q1.This is a highly simplified description of how
most V/F converters work. For more details, see Walter G. Jung’s “IC Timer Cook-book” (Howard
W. Sams and Co., 1977, pp. 184–192). The data sheets for the various V/F ICs also include good
explanations of how they operate.Teledyne 9400 V/F Converter.This 14-pin DIP incorporates
both CMOS and bipolar circuitry on a single silicon substrate. The result is very low current
comsumption, typically 3.5 mA when the IC is powered by a single 9-volt battery. The chip can,
however, be powered by either a dual- or single-polarity supply. Figure 2 is the schematic of a V/
F converter made with a 9400 and some external parts. The circuit, which is powered by a single-
ended supply, was adapted from one appearing in the manufacturer’s data sheet.Fig. 2 Voltage-
to-frequency converter using a 9400 IC.A breadboard version that I assembled began to emit an
output signal with a frequency of 0.3 Hz when the input voltage reached 0.25 volt. The maximum
input voltage to which the circuit would respond was exactly 8 volts when the circuit was
powered by a 9-volt alkaline battery. The output frequency corresponding to this input voltage
was 13.53 kHz. A plot of the output frequency versus the input voltage at half-volt intervals for
the prototype circuit is shown in Fig. 3. The striking linearity of this chip’s output-frequency/input-
voltage characteristic, which in this case extends over a five-decade frequency range, is
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electronics without thinking of Forrest Mims. Since his first appearance in Popular Electronics
magazine back in 1970, millions and millions of readers—and that’s not hyperbole or
exaggeration—have learned electronics technology thanks to the fluid, engaging writing and
hand-drawn circuit diagrams produced by Forrest Mims.Over the years, Forrest’s fascination
with technology has resulted in some remarkable experiences and adventures. For example, in
January, 1975 Forrest received an assignment to write the owner’s manual for a new device
called the “Altair.” The Altair was the world’s first commercially available personal computer.
While Forrest wrote the manual, a pair of young men named Bill Gates and Paul Allen, who later



founded Microsoft, were hired to create software for the Altair. Thus, Forrest holds the honor of
being the author of the first personal computer book. Later that year, The National Enquirer
asked Forrest to eavesdrop on Howard Hughes at his home in the Bahamas by bouncing laser
beams off his windows. (Forrest wisely declined, although he figured out how to do it.) Over two
decades later, Forrest was named a winner of Rolex’s international “Spirit of Enterprise” award
for his development of simple, low cost devices to measure atmospheric ozone and the
establishment an international network of volunteer observers to measure ozone. Predictably,
Forrest’s devices were able to obtain more accurate atmospheric ozone measurements than
NASA could with their multi-billion dollar network of satellites! Today, Forrest travels to such
diverse locations as the Big Island of Hawaii to lecture and do scientific research with
instruments of his own design. From his humble beginnings in the original Popular Electronics,
Forrest’s work now appears in such journals as Nature and Scientific American.The Forrest
Mims Circuit Scrapbook Volume I and The Forrest Mims Circuit Scrapbook Volume II are
compilations of Forrest’s columns and articles that appeared in Popular Electronics and Modern
Electronics magazines. Volume I consists of material from Popular Electronics, while Volume II is
material from Modern Electronics. These chronicles of Forrest’s creativity and engineering
wizardry are still as valid and useful to electronics hobbyists today when they were first written.
Most of the components used in these circuits are still available; in cases where certain parts are
no longer available, equivalent devices (often with improved performance) are generally
available. Moreover, the real importance of Forrest’s written work—the teaching of basic
electronics principles and a philosophy of electronics design—is timeless.For over two decades,
I have been fortunate enough to be able to count Forrest as a friend. It is a great pleasure to
introduce these two compilations of his work, and I look forward to the day when I can write the
introduction to two more volumes!Harry HelmsForewordForewordIt is impossible to think of
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Electronics magazine back in 1970, millions and millions of readers—and that’s not hyperbole or
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hand-drawn circuit diagrams produced by Forrest Mims.Over the years, Forrest’s fascination
with technology has resulted in some remarkable experiences and adventures. For example, in
January, 1975 Forrest received an assignment to write the owner’s manual for a new device
called the “Altair.” The Altair was the world’s first commercially available personal computer.
While Forrest wrote the manual, a pair of young men named Bill Gates and Paul Allen, who later
founded Microsoft, were hired to create software for the Altair. Thus, Forrest holds the honor of
being the author of the first personal computer book. Later that year, The National Enquirer
asked Forrest to eavesdrop on Howard Hughes at his home in the Bahamas by bouncing laser
beams off his windows. (Forrest wisely declined, although he figured out how to do it.) Over two
decades later, Forrest was named a winner of Rolex’s international “Spirit of Enterprise” award
for his development of simple, low cost devices to measure atmospheric ozone and the
establishment an international network of volunteer observers to measure ozone. Predictably,



Forrest’s devices were able to obtain more accurate atmospheric ozone measurements than
NASA could with their multi-billion dollar network of satellites! Today, Forrest travels to such
diverse locations as the Big Island of Hawaii to lecture and do scientific research with
instruments of his own design. From his humble beginnings in the original Popular Electronics,
Forrest’s work now appears in such journals as Nature and Scientific American.The Forrest
Mims Circuit Scrapbook Volume I and The Forrest Mims Circuit Scrapbook Volume II are
compilations of Forrest’s columns and articles that appeared in Popular Electronics and Modern
Electronics magazines. Volume I consists of material from Popular Electronics, while Volume II is
material from Modern Electronics. These chronicles of Forrest’s creativity and engineering
wizardry are still as valid and useful to electronics hobbyists today when they were first written.
Most of the components used in these circuits are still available; in cases where certain parts are
no longer available, equivalent devices (often with improved performance) are generally
available. Moreover, the real importance of Forrest’s written work—the teaching of basic
electronics principles and a philosophy of electronics design—is timeless.For over two decades,
I have been fortunate enough to be able to count Forrest as a friend. It is a great pleasure to
introduce these two compilations of his work, and I look forward to the day when I can write the
introduction to two more volumes!Harry HelmsPrefaceThe first electrical circuit I built was a
headlight for a homemade soapbox racer. The lamp was soldered inside a tin can. The switch
was made from a bent nail. The light turned on just fine, but it didn’t turn off completely. When
the batteries lasted only a short time, I checked the circuit and found the problem. Instead of
connecting the switch between the battery and lamp, I had connected it across the lamp. So
when I thought the switch was in the off position, it was really short circuiting the battery.I was 11
years old when I built that soapbox racer. The lesson learned from that improperly wired “switch”
has stayed with me ever since. Even today I never apply power to a circuit I’ve built until checking
and rechecking every connection. All the circuits in this book went through that checking
process before they were first published in Popular Electronics and Modern Electronics.The
circuits in this book are among my favorites. Many are optoelectronic in nature, which means
they detect or emit light. One of my first optoelectronic circuits was a light sensor that helped
control a homemade analog computer that translated 20 words of English into Russian. The
computer’s memory was a bank of 20 miniature trimmer resistors, each set to indicate a specific
word. The word to be translated was dialed into six potentiometers on a control panel one letter
at a time. A battery-powered music box modified to act as a sequential switch then began
connecting the resistors in the memory bank one by one to a Wheatstone bridge. When the
resistance of the word dialed into the input panel matched the resistance of a sampled trimmer,
a −1 to +1 milliammeter indicated 0 current. A small rectangle of aluminum foil glued to the
meter’s needle then blocked the light from a small bulb from reaching a small silicon solar cell
mounted below the pointer. A single-transistor switch then actuated a relay that switched off the
music box. One of 20 red lamps on an output panel then glowed to indicate the translated word. I
built that analog computer for my senior science fair project back in 1962. Today it would be easy



to simulate that computer and all of its operations with a relatively simple program that will run on
virtually any personal computer.Yet while computers can implement many circuit applications,
the circuits in this book demonstrate that there are many circuits that even computers cannot
emulate. That’s another lesson I’ve learned about electronics. While I’ve been using personal
computers since 1975, circuits like those in this book still provide the most fun and the biggest
challenges. Why just yesterday I was experimenting with a new kind of Sun photometer. I used a
state-of-the-art Pentium and a spreadsheet program to calculate the values of several key gain
resistors based on a series of actual Sun measurements. The computer saved a few minutes of
design time. But the real challenge of this project was soldering and desoldering actual resistors
until the circuit provided exactly the required gain. I can hardly wait to calibrate this new
instrument on my next trip to Hawaii’s Mauna Loa Observatory.Electronics offers both career
opportunities and solutions to countless practical problems. Electronics is also one of the most
fascinating and creative of hobbies. I hope you enjoy building and using the circuits in this book
as much as I do.Forrest M. Mims, IIIPrefacePrefaceThe first electrical circuit I built was a
headlight for a homemade soapbox racer. The lamp was soldered inside a tin can. The switch
was made from a bent nail. The light turned on just fine, but it didn’t turn off completely. When
the batteries lasted only a short time, I checked the circuit and found the problem. Instead of
connecting the switch between the battery and lamp, I had connected it across the lamp. So
when I thought the switch was in the off position, it was really short circuiting the battery.I was 11
years old when I built that soapbox racer. The lesson learned from that improperly wired “switch”
has stayed with me ever since. Even today I never apply power to a circuit I’ve built until checking
and rechecking every connection. All the circuits in this book went through that checking
process before they were first published in Popular Electronics and Modern Electronics.The
circuits in this book are among my favorites. Many are optoelectronic in nature, which means
they detect or emit light. One of my first optoelectronic circuits was a light sensor that helped
control a homemade analog computer that translated 20 words of English into Russian. The
computer’s memory was a bank of 20 miniature trimmer resistors, each set to indicate a specific
word. The word to be translated was dialed into six potentiometers on a control panel one letter
at a time. A battery-powered music box modified to act as a sequential switch then began
connecting the resistors in the memory bank one by one to a Wheatstone bridge. When the
resistance of the word dialed into the input panel matched the resistance of a sampled trimmer,
a −1 to +1 milliammeter indicated 0 current. A small rectangle of aluminum foil glued to the
meter’s needle then blocked the light from a small bulb from reaching a small silicon solar cell
mounted below the pointer. A single-transistor switch then actuated a relay that switched off the
music box. One of 20 red lamps on an output panel then glowed to indicate the translated word. I
built that analog computer for my senior science fair project back in 1962. Today it would be easy
to simulate that computer and all of its operations with a relatively simple program that will run on
virtually any personal computer.Yet while computers can implement many circuit applications,
the circuits in this book demonstrate that there are many circuits that even computers cannot



emulate. That’s another lesson I’ve learned about electronics. While I’ve been using personal
computers since 1975, circuits like those in this book still provide the most fun and the biggest
challenges. Why just yesterday I was experimenting with a new kind of Sun photometer. I used a
state-of-the-art Pentium and a spreadsheet program to calculate the values of several key gain
resistors based on a series of actual Sun measurements. The computer saved a few minutes of
design time. But the real challenge of this project was soldering and desoldering actual resistors
until the circuit provided exactly the required gain. I can hardly wait to calibrate this new
instrument on my next trip to Hawaii’s Mauna Loa Observatory.Electronics offers both career
opportunities and solutions to countless practical problems. Electronics is also one of the most
fascinating and creative of hobbies. I hope you enjoy building and using the circuits in this book
as much as I do.Forrest M. Mims, IIIOneAnalog Circuits1. Analog Computer Circuits, Part 1If you
think analog computers are a relic of the past, think again. Recent developments have made
possible sophisticated analog computer ICs with unprecedented accuracy. One of these new
circuits, billed as the first single-chip analog computer is the Analog Devices AD534 precision
multiplier-divider. Available for about the same price as many microprocessors, the AD534 can
perform all the MDSSR functions (multiplication, division, squaring and square rooting) with
ease and in real time. There are no elaborate software requirements and the AD534 will perform
any of these operations while the input information is changing at up to 1 MHz.Analog vs
Digital.Most readers of this column already know the essential difference between analog and
digital integrated circuits. Analog ICs, such as amplifiers, oscillators and timers, process or
produce signals whose amplitudes are continuously variable over a given range. Digital ICs, on
the other hand, process or produce signals which occupy either a low or high state.An amazing
number of applications use either digital or analog circuits. Lately, of course, the trend has been
toward digital almost exclusively. In some ways, however, this trend (or is it a fad?) is clearly
unfortunate. Consider the digital voltmeter (DVM). The unprecedented accuracy of a three- or
four-digit DVM is ideal for making measurements of fixed voltages. But have you ever tried to
monitor a slowly changing voltage with a DVM? If not, good luck! The stream of constantly
changing numbers is almost impossible to read and makes little sense. An old-fashioned panel
meter with an analog readout (pointer and scale) offers a much better solution to this common
problem.When it comes to computers, digital technology has the advantage in accuracy,
programmability and computing power. Analog computers, however, are ideal for simulating a
real-world system such as a structure, machine, dam, aircraft or missile. Simply rotating a few
control knobs enables the computer’s operator to observe the effect of changes on the system
as they take place (in real time). Contrast this simple procedure with the elaborate software
manipulation required to vary conditions in a digital computer’s program.Analog computers have
one further advantage you should know about: low cost. You can build an analog computer
capable of solving a general quadratic equation (ax2 + bx + c = 0) with a dozen or so
inexpensive op amps, a few dozen resistors and potentiometers and a digital voltmeter. And you
can rewire (reprogram) this computer so that it can solve many other mathematical functions



and equations also.Adding with Resistors.A simple analog adding calculator can be made from
a pair of linear potentiometers equipped with pointer knobs and scales and an ohmmeter. For
best results, compromise with digital technology and use a digital multimeter. The circuit for the
adder is shown in Fig. 1.Fig. 1 Analog adder made from potentiometers.The total resistance of
two resistors in series is the sum of their individual resistances. If the potentiometers in Fig. 1
each have a resistance of 1000 ohms, the adder will add any two numbers of up to 1000 and
produce any total up to 2000. The accuracy of the adder is controlled by the accuracy of the
ohmmeter, the linearity of the potentiometers and the calibration of the scales. Thanks to the
high accuracy of the DMM, the error introduced by the ohmmeter can be very small. With this
concession to digital technology, the potentiometers and their calibration scales become the
major sources of error.Assuming perfectly linear potentiometers are not available (a reasonable
assumption), the adder can be custom calibrated with the help of the DMM. This is done by
connecting the DMM to a pot and marking its scale with a fine index line at each 100-ohm
interval. The index lines are then labeled 0, 100, 200, 300…. 1000 and the space between index
lines is further subdivided into smaller increments.Depending upon the care exercised in
calibrating the adder (a large-diameter scale helps), its accuracy can be better than 1 percent.
While this is not as accurate as a pocket calculator, the analog adder operates in real time since
it continuously adds even as the dials are being turned to new settings!Multiplying with
Resistors.Figure 2 shows a resistive circuit that multiplies. The circuit consists of two
potentiometers and a DVM or conventional voltmeter. Potentiometer R1 forms a voltage divider
across the 10-volt power supply and R2 forms a voltage divider across R1’s wiper and
ground.Fig. 2 Simple multiplier made from potentiometers.Can you figure out how the circuit
multiplies? It’s easy if you ignore the resistance of the two pots and consider only the positions
of their wipers. Assume, for example, R1 has a scale with eleven equally spaced lines marked 0
through 10. Also assume R2 has a similar scale marked 0 through 1 in increments of 0.1. When
R1’s shaft is rotated to its midpoint, its dial points to the 5 on its scale. This means the voltage at
R1’s wiper is 5 volts. If R2 is rotated to its midpoint or 0.5, the incoming voltage is again divided
in half. The resulting voltage at R2’s slider is 2.5 volts, the product of the two potentiometer
settings (5 × 0.5 = 2.5).Improving the Accuracy of Resistor-Calculators.The adder and multiplier
circuits we’ve been experimenting with can be made much more accurate by using ten-turn dial
potentiometers. These pots are fairly expensive when new but can sometimes be purchased
used or surplus from mail-order parts suppliers. They have a built-in turns indicator usually
marked from 0 to 100 and can increase the accuracy of a simple resistor calculator
significantly.Op Amps Add Versatility.The simple resistor calculators we’ve experimented with
are ideal for simple applications where input information is programmed by hand or, perhaps, by
a mechanical device. Many applications, however, require that the information enter the
calculator in the form of a raw voltage.Typically, a transducer is used to convert information such
as windspeed, the rate of fluid flow through a pipe, temperature, weight or some other variable
information into a representative voltage. This voltage may then be mathematically combined



with the voltage from one or more other transducers to produce an output voltage.Op Amp
Fundamentals.Figure 3 illustrates the most important principle of the op amp—the output
voltage (VOUT) of an op amp equals the product of its feedback resistance (RF) and the
incoming voltage (VIN) divided by the input resistance (RIN). Algebraically, this is expressed as
VOUT = −RF VIN/RIN. This simple relationship or transfer function means an op amp can both
multiply and divide. If RIN is 1 ohm, then the op amp will multiply the input voltage times the
feedback resistance. Likewise, if the input voltage is a fixed 1 volt, the op amp will divide the
feedback resistance by the input resistance.Fig. 3 Basic op amp circuit.Note that a negative sign
appears in the transfer function. This is so because input signals are applied to the inverting
input of the op amp which causes output signals to be the opposite polarity with respect to the
input signals. If RF equals RIN and a + 1-volt dc level is applied between RIN and ground, the
output of the op amp will be −1 volt—the same magnitude (absolute value), but the opposite
polarity. Keep this change of sign in mind when experimenting with this and the following circuits
in this two-part series, all of whose op amps are employed in the inverting mode.You can easily
demonstrate op amp multiplication and division with a common op amp such as the 741, several
potentiometers and a digital voltmeter. Figure 4 shows the 741 pin connections and how to
connect the pots to the 741.Fig. 4 Op amp multiplication.The op amp’s offset voltage will
introduce a small error in the output voltage. Figure 4 also shows how to connect a 10,000-ohm
pot to the 741 to alleviate this problem. Adjust the pot so that the 741 output is exactly zero when
pin 2 is grounded.As you’ve probably noticed, these methods of using an op amp to multiply and
divide still require at least one potentiometer adjustment to perform a calculation. There’s a
clever way to use op amp to multiply and divide without having to make manual potentiometer
adjustments, and we’ll examine it in detail in the second installment of this series. Meanwhile,
let’s look at ways to add and subtract using op amps that don’t require potentiometer
adjustments.Adding with an Op Amp.Figure 5 shows an op amp adder that will accept two input
voltages, add them and deliver the sum as an output voltage. Summing amplifier is the technical
name for this circuit.Fig. 5 Op amp summer.Because the feedback resistor (RF) has the same
resistance as R1 and R2, the voltage gain of the op amp is 1. This means the op amp has unity
gain and doesn’t alter the result of an addition. Changing the resistance of RF or both R1 and R2
will cause the circuit to both add and multiply.Resistor R3 helps reduce errors caused by the op
amp’s input bias current. In non-critical applications it can be eliminated, in which case pin 2 is
connected directly to ground. If you use R3, its value should be equal to the reciprocal of the
sum of the reciprocals of R1 and R2. In other words, R3 = 1/(1/R + 1/R2) = R1R2/(R1 + R2).For
a quick demonstration of how the adder works, connect the positive terminals of a few flashlight
cells to the inputs. Connect the negative terminals of the cells to the adder’s ground. If the cells
each have identical voltages of 1.5 volts, the adder’s output will be −3.0 volts.For the best
results, use 1-percent tolerance resistors for R1, R2 and RF. If you don’t have, can’t find or can’t
afford 1-percent resistors, use a DMM to select three resistors having values as closely matched
as possible.You can use a summing amplifier to add more than two voltages simply by



connecting additional resistors to the noninverting input. The new resistors should equal the
input resistors and R3 should be adjusted according to R3 = 1/(1/R1 + 1/R2 + 1/R3 + … 1/
RN).Averaging with an Op Amp.A summing amplifier can also average two incoming voltages.
All that’s necessary is to make the ratio RF/RIN equal to the reciprocal of the number of input
voltages. For example, to convert the adder circuit of Fig. 5 to an averager, leave the values of
R1 and R2 undisturbed but change RF to 50,000 ohms. This causes the ratio of RF/RIN (1/2) to
equal the reciprocal of the number of inputs (2).If you want to average more than two voltages,
add additional input resistors and adjust the values of RF and R3 accordingly. The average of
five incoming voltages is their sum divided by 5. Therefore, the reciprocal of RF/RIN should be 5.
Because the resistance of RIN is fixed at 100,000 ohms, the resistance of RF should be 20,000
ohms.Subtracting with an Op Amp.The final analog computer circuit we will look at this month is
the subtractor or difference amplifier shown in Fig. 6. This circuit is based upon the ability of an
op amp to amplify the difference between the two voltages applied to its two inputs. If the ratio of
RF to the circuit’s input resistors is 1, the circuit has unity gain and will produce the arithmetic
difference of two input voltages.Fig. 6 Op amp subtraction.The output voltage of the difference
amplifier equals V2–V1. The circuit works for both positive and negative inputs and outputs.
Thus, if V1 is +5 volts and V2 is +10 volts, the output will be +5 volts. Of course, the output
cannot exceed the power supply voltage.Incidentally, an analog computer circuit that handles
any of the four possible combinations of positive and negative inputs is called a four-quadrant
device. A two-quadrant device responds to two of the four combinations of input polarities, and
one-quadrant devices respond to one combination of input polarities.Analog Computer Circuits,
Part 2One way to multiply or divide two voltages is to convert both to their logarithms.
Multiplication is accomplished by adding the two logs with a summing amplifier. Division can be
performed by subtracting the log of the divisor from the log of the dividend with a difference
amplifier. The antilog of the result is the product or quotient, as the case may be.Now that the
pocket calculator has replaced the slide rule, logarithms are not used nearly as often as they
once were. So let’s take time out for a brief refresher course before moving on.Logarithms.Any
decimal number can be expressed as a power of ten. For example, 1,000 is 103 and 736 is
102.8669. In both cases, the exponent of the base 10 is referred to as the number’s logarithm.
One important aspect of logarithms is revealed by the following table.NumberPower of
TenLogarithm110°010101110010221,000103310,0001044100,00010551,000,0001066As you
can see, a very wide range of decimal numbers occupies a very small range of logarithms. The
resulting compression provides a handy shorthand method for processing very large numerical
variations.We noted earlier that two numbers can be multiplied by adding their logs or divided by
subtracting their logs. That’s how a slide rule works. It’s also possible to add and subtract
numbers using ordinary rulers. Place one ruler atop the other. Then align the 0 on the top ruler
with one of the numbers being added on the bottom ruler. Next, find the second number being
added on the top ruler. This number will point to the sum on the bottom ruler.Rulers have a linear
scale—their divisions are equally spaced. A slide rule, on the other hand, has a logarithmic or



compressed scale. When you multiply two numbers with a slide rule, you are actually adding
their togs.Look back at the table and multiply 1,000 × 100 to see how this works. The log of
1,000 is 3 and the log of 100 is 2. 3 + 2 = 5 so the log of 1,000 × 100 is 5. From the table, 5 is the
log of 100,000 (or 100,000 is the antilog of 5) so 1,000 × 100 = 100,000. Try dividing a few
numbers in the table by subtracting the log of the divisor from the log of the dividend and taking
the antilog of the remainder to obtain the quotient.Before the advent of the pocket calculator, the
use of logarithms was standard procedure when multiplying and dividing very large or very small
numbers. Logs are also handy for extracting roots. The cube root of 27, for example, is found by
dividing the log of 27 by 3 and extracting the antilog of the result. (The log of 27, 1.4314, divided
by 3 is 0.4771; the antilog of 0.4771 is 3, the cube root of 27.)Incidentally, numbers in any
number system can be expressed as logarithms. Can you figure out the logarithms of the binary
sequence 1, 10, 100, 1000 … 10000000? (Hint: 1000 is 23.)The Logarithmic Amplifier.The
voltage drop across a diode is related logarithmically to the current flowing through it. This
makes possible the conversion of a voltage into its log.Practical log conversion is best achieved
by using a transistor in a common- or grounded-base configuration instead of a diode. Figure 1
shows how the transistor is connected in place of an op-amp’s feedback resistor to give what is
called a transdiode logarithmic amplifier. Although the circuit is an amplifier, you can think of it as
a log generator to avoid confusion.Fig. 1 Schematic of a basic logarithmic amplifier.Not all
transistors exhibit logarithmic properties over as wide a range as might be required. Many,
however, do and one readily available type is the 2N2222 (equivalent to Radio Shack type
RS2009).You can easily assemble a breadboard log amplifier with the help of a 741 or any other
frequency-compensated op amp. Figure 2 shows the details of a practical version of the circuit in
Figure 1. Capacitor C1 does not assist in the log conversion process. Instead, it reduces the ac
gain of the op amp and helps eliminate high-frequency oscillation which might otherwise occur.
Diode D1 protects the transistor from excessive reverse base-emitter bias from the op amp’s
output.Fig. 2 A practical logarithmic amplifier circuit.On the following page are the results I
obtained from a breadboard version of the circuit in Fig. 2.Input (mV)Output
(mV)1−32210−371100−4321,000−49410,000−557In all cases, the output voltage was inverted
(negative), but this is of no major consequence as we can either ignore the polarity or, if desired,
change it with an inverting buffer.Figure 3 shows the data in the table plotted on a semi-log
graph. The graph is called semi-log because one axis is linear (the output voltage) and the other
is logarithmic (the input voltage). A plot of the data produces a straight line on the semi-log
graph, so we know the log amplifier is reasonably accurate over the given range.Fig. 3 Operation
of a log amplifier plotted on semi-log graph paper.Now that we’ve seen how a real log amplifier
works, let’s look at a few of its characteristics. First, notice the very small range in output voltage
(a few hundred millivolts) that results from the huge swing in input voltage (10,000 millivolts).
This characteristic of log amplifiers is ideal for compressing very large voltage excursions into
more manageable form.A second characteristic is that the transfer function of our log amplifier is
not − VOUT = log (Vin). Rather, it’s approximately − VOUT = 0.06 log vin + K where K is a



constant. For the log amplifier I built, K is 0.495. Your amplifier might yield a slightly different K.
You can use a programmable calculator to compute the exact transfer function.A third
characteristic of our log amplifier is that it is temperature sensitive. That’s not good because the
current flowing through the 2N2222 causes heating which can alter the accuracy of the circuit.
The error this introduces can be substantial, easily several percent.Yet another characteristic of
the amplifier is that the input offset voltage of the op amp can cause a substantial but predictable
error when the input voltage is small. This problem can be alleviated by connecting a 10,000-
ohm potentiometer to the 741 as shown in Fig. 4. Pin 2 of the 741 is then temporarily shorted to
ground and the offset potentiometer is adjusted until VOUT is exactly zero volt.Fig. 4 Adding an
offset pot to the log amplifier.A more significant error is introduced by the op amp’s bias current.
This ranges from 80 to 500 nonoamperes for the 741. Figure 4 also shows how to compensate
for this problem by temporarily replacing the components in the feedback loop with a 100,000-
ohm resistor and adding a bias current potentiometer. The pot is then adjusted until −VOUT
exactly equals VIN over as wide a voltage range as you expect the amplifier to receive.You don’t
have to make all these calibration adjustments when building a simple log amplifier for
experimental purposes. But if you decide to build your own analog computer, for best results
you’ll need to calibrate or trim each op amp using the methods described.The Antilogarithmic
Amplifier.Analog computing circuits that use log amplifiers require one or more antilog amplifiers
to convert results back into linear form. Antilog amplifiers can also be used to expand narrow
ranging input voltages into much wider and therefore more easily resolved form.If the transfer
function of an ideal log amplifier is VOUT = log (VIN) then the transfer function of an ideal antilog
amplifier is VOUT = 10VIN. In an actual circuit, however, the transfer function is the inverse of the
log amplifier’s. The differneces between ideal and actual transfer functions are therefore
compensated.Figure 5 shows the circuit for a working antilog amplifier you can make. An
interesting experiment is to connect the input of the antilog amplifier to the output of the log
amplifier in Figure 2. If both amplifiers are perfectly accurate, the transfer function for the
combination will be VOUT = VIN.Fig. 5 Schematic of an anti-logarithmic amplifier.Here are the
results I obtained from a log-antilog combination with no calibration adjustments:VIN (mV)VOUT
(mV)1110−6100−1111,000−1,20510,000−11,490As you can see, the error is fairly high.
Calibrating both amplifiers using the methods previously outlined will provide much better
results.The Analog Multiplier.Now that we’ve built log, antilog and summing amplifiers, we can
build an analog multiplier. A block diagram for the multiplier is shown in Fig. 6 and a complete
circuit in Fig. 7.Fig. 6 Block diagram of a logarithmic multiplier.Fig. 7 Analog logarithmic multiplier
circuit.The maximum error of the multiplier is easily in excess of 10 percent. Can you improve
this figure over several decades of input voltage? (Hint: Use careful calibration procedures and
try to keep all feedback transistors at the same temperature by, say, bonding them together with
epoxy cement.)You can convert the multiplier into an analog divider simply by changing the
summing amplifier into a difference amplifier.Single-Chip Multipliers.Contrary to my usual
practice of breadboarding every circuit that appears in this column, I must confess to not having



assembled the multiplier in Fig. 7. Several single IC multipliers that include all necessary
amplifiers and transistors on the same silicon chip are now available, and they’re much easier to
use and more accurate because all circuit elements on the chip are at the same temperature.
One such multiplier is Motorola’s MC1595.Fig. 7 A moving-dot voltage indicator.Single-chip
multipliers like the MC1595 require many external calibration resistors, but recently Raytheon
and Analog Devices introduced single-chip multipliers that include built-in error correcting
features. Raytheon’s chip is the 4200 and Analog Devices’ is the AD534.The 4200 is much less
expensive than the AD534, but the latter is far superior to any previous single-chip multiplier
because it includes 12 calibration resistors that have been factory-trimmed to a high degree of
accuracy by a pulsed laser. The laser zaps away bits of thin-film calibration resistors that have
been previously deposited directly on the silicon chip until a specified accuracy is reached.The
AD534 is being billed as the first single-chip analog computer. Having experimented with both
overly demanding, temperature-sensitive log amps and now the AD534, I’m more than willing to
accept this enthusiastic claim. Figure 8 shows why. All the circuits shown are complete—no
calibration resistors are required.Fig. 8 Applications for the AD534 multiplier.Here’s an example
of the results I obtained for an AD534 connected as a multiplier and a square rooter:As you can
readily see, the AD534 is exceptionally accurate. If you want to experiment with the AD534,
you’ll have to order one from an Analog Devices representative. Write the company for a list of
reps and a specification sheet (Route One, Industrial Park, Box 280, Norwood, MA 02062). The
single-quantity price is $26.00 for the lowest accuracy version (AD534J; ± 1% total error). If the
price seems high, look at it again after you’ve spent a frustrating evening trying to calibrate a
homebrew multiplier. If you prefer digital circuits, consider the cost of the hardware and the time
to de velop software for a microprocessor that will perform the same functions.2. The Analog
Sample/Hold CircuitMICROPROCESSOR enthusiasts are constantly seeking simple ways to
interface small controllers and computers with the outside world of analog signals. One well-
known analog circuit with many interfacing applications is the op-amp sample/hold (or sample
and hold) circuit.A sample/hold circuit stores in a capacitor the instantaneous voltage present at
its input. The stored voltage, which can represent anything from the intensity of light illuminating
a photocell to an audio signal, can be converted into digital form by an analog-to-digital
converter for processing by a microprocessor. What’s more, a sample/hold stage can be used in
many different analog applications.Simple Sample/Hold Circuit.Figure 1 schematically shows a
very simple but functioning sample/hold circuit. The key component of the circuit is capacitator
C1. When switch S1 is momentarily toggled to its sample position, the capacitor charges to the
voltage present at the input. The charge on the capacitor is monitored by ICI, an op amp with a
very high input impedance, which should be an NE536 or similar amplifier with a FET input
stage. When switch S1 is released, it returns to its center (off) HOLD position and disconnects
C1 from the input of the circuit. Because the op amp’s input impedance is very high, the charge
stored in the capacitor is effectively trapped and the voltage across C1 remains almost constant
for an appreciable amount of time.Fig. 1 Schematic of a demonstration sample/hold circuit.The



op amp is connected as a voltage follower with unity gain. This arrangement permits the charge
on the capacitor to be measured by a standard multimeter without significantly altering the
amount of stored charge. Connecting a conventional, low-input-impedance voltmeter across the
capacitor would, of course, quickly drain the capacitor of its charge. After the magnitude of the
voltage sample has been determined, the switch can be momentarily placed in its RESET
position to remove the charge from the capacitor and prepare the circuit for a new sample.It’s
easy to operate the circuit in Figure 1. Use a 1.5-volt cell to supply the input voltage. With the
sample switch closed, adjust calibration potentiometer R1 until the meter reads 0.15 mA, which
corresponds to a voltage of 1.5 volts.You can omit the milliammeter and potentiometer if you
prefer to connect a voltmeter directly to the output of the op amp. Because the op amp is
connected as a unity-gain voltage follower, the voltage at its output will be identical to that at its
input. This does not mean that the op amp is superfluous. To the contrary, it provides the very
high input impedance that permits the voltage stored across C1 to be monitored without
significant loss.After you have sampled the input voltage, allow the switch to return to its hold
position and monitor the meter reading. If C1 is a high-quality, low-loss polystrene or Mylar unit,
the sampled voltage will remain constant for a substantial period of time. Lower-quality
capacitors including some ceramic discs will lose their stored charge at a much faster rate, as
will be evidenced by a noticeable downward movement of the meter needle.To increase the
circuit’s useful storage time, a capacitor larger than the one specified in Figure 1 can be used.
But it will require a longer sample interval to charge up to the full input voltage, especially if the
sample generator has a significant internal impedance.Incidentally, if you don’t have an NE536
or similar FET-input op amp on hand, you can use a standard 741 for demonstration purposes.
You’ll have to increase the capacitance of C1 to 1μF or more, because the stored voltage will be
lost much more rapidly than if a FET-input op amp is used, due to the 741’s much lower input
impedance.Adding Digital Control.The circuit we have just described is fine for demonstration
purposes, but the circuit shown in Fig. 2 is more practical because the sample/hold process is
controlled by logic levels instead of mechanical switches. As you can see by comparing the two
circuits, the ganged sample/hold/reset switches have been replaced by two of the analog
switches in a CD4066 quad analog switch. Furthermore, the NE536 has been replaced by a
CA3130 MOSFET-input op amp, but the circuit will work with the 536 as a pin-for-pin
replacement without C2.Fig. 2 Digitally controlled sample/hold circuit using CMOS chips. To
sample: make sample enable high. To reset: make reset enable high.The analog switch is a
newcomer to this column. Like the three-state gate described in the March 1978 issue, the
analog switch has an enable input and ports that allow a signal to enter and leave. The analog
switch, however, can transmit or block both digital logic levels and analog (variable) voltages.
Like a conventional mechanical switch, an analog switch can pass a signal in either direction.
Figure 3 shows the equivalent circuit of the analog switch.Fig. 3 Equivalent circuit of a basic
analog switch.The CA3130 op amp is also a newcomer to this column. I’ll have more to say
about both it and the CD4066 in future columns. Meanwhile, suffice it to say that the CD4066 is



one of a family of CMOS analog switches having many fascinating applications. The switches in
the CD4066 are off when their enable inputs are low and on when their enable inputs are high.
The “off” resistance is around 1011 ohms, and the “on” resistance is typically 80 ohms.To
sample a voltage with the circuit shown in Fig. 2, the sample enable input, which is normally kept
low, is allowed to go high. The sampled signal level is then stored by C1 until the reset enable
input, which also is normally kept low, goes high. This allows C1 to discharge to ground through
ICIB.If the reset enable input is again made low, C1 will immediately store the voltage present at
the input if the sample enable input is still high. Of course, if the sample enable input is low, C1
will not receive the new sample until the sample enable input is high. (Ordinarily, both enable
lines should not be allowed to go high simultaneously. Otherwise, the signal source output will
be connected to ground via a low-impedance path.)As you can see, there are several operating
possibilities for the circuit, each of which can be readily selected by a two-bit logic signal. The
factors governing the calibration of the output meter and the selection of C1 are identical to
those that apply to the previous circuit.Applications.The most straightforward application for the
sample/hold circuit of Fig. 2 is an analog memory circuit capable of storing a transduced
temperature, light intensity, or pressure, or any other analog signal for later processing.The
circuit can also be used as a timer. Replace meter M1 and R1 with a LED and 330-ohm series
resistor. The LED will glow until the voltage across C1 drops below the LED’s turn-on threshold.
Increase the capacitance of C1 for longer time delays. Increasing the magnitude of the sampled
voltage up to a maximum of VDD will also give longer delays.You can create unusual sound
effects by connecting the output of the circuit to a voltage-controlled oscillator such as the 566
function generator or unijunction transistor relaxation oscillator. For a siren effect, connect a high
resistance (e.g. 1 megohm) between pin 4 of ICIB and C1. When the reset enable input is
activated, the output voltage will slowly decrease, causing the vco to generate a siren-like
sound. The upward wail of the siren is obtained by connecting a second high-value resistor
between pin 1 of IC1A and the input voltage source.3. The Analog ComparatorTHE ANALOG
comparator is a circuit that compares an input voltage to a reference voltage and changes the
state of its output when the input exceeds the reference. This decision-making ability has many
important applications, several of which we will examine here.A simple analog comparator can
be made by using an operational amplifier without a feedback resistor. The role that a feedback
resistor usually plays is to pass some of the amplified signal back to the inverting input of the op
amp, thus reducing the amplifier’s gain. Without the gain limitation imposed by a feedback
resistor, the op amp operates at its maximum (“open-loop”) gain. A small input voltage will then
cause the output of the op amp to change state immediately. The resulting voltage swing is so
dramatic that the comparator can be considered a switching circuit.The operation of a
noninverting analog comparator is shown in Fig. 1. A known reference voltage is applied to the
comparator’s inverting (−) input, and an unknown voltage to its noninverting (+) input. The LED
indicates the status of the comparator’s output.Fig. 1 Operation of a basic comparator circuit.In
operation, the output of the comparator is at −V when the input voltage is more negative than the



reference voltage which in this case is ground. The LED indicates this by glowing. When the
input voltage is more positive than the reference voltage, the comparator output switches from -
V to +V and the LED is extinguished. Because the reference is ground, a very small positive
voltage will trigger the comparator. In both cases, the voltage difference is measured in
millivolts.Comparator Demonstration Circuit.Unless you have previously worked with analog
comparators, you will probably want to take a few minutes to breadboard the simple
demonstration circuit shown in Fig. 2 before trying any of the circuits that will be described
later.Fig. 2 Schematic of a demonstration comparator circuit.The comparator in this circuit is a
741 op amp without a feedback resistor. A variable input voltage is provided by R1, a
potentiometer operated as a voltage divider. Resistors R2 and R3 form a fixed voltage divider
that provides a reference at half the supply voltage.When the input voltage is below the
reference voltage, the LED glows to indicate that the comparator’s output is low (at ground). The
LED switches off to indicate the comparator’s output is high (at +9V) as soon as the input
voltage exceeds the reference voltage. With the values shown in Figure 2, R1’s wiper will be at
the center of its rotation when the comparator switches, assuming that R1 is a linear
potentiometer.Sine- to Square-Wave Converter.One of the simplest applications for a
comparator is the sine- to square-wave converter shown in Fig. 3. The reference voltage is
ground so the comparator switches its output to its maximum positive value when the sine-wave
voltage exceeds ground potential. Similarly, the comparator output switches to its maximum
negative value when the sine-wave voltage is at or below ground potential. The result is a square
wave with the same period as the sine wave.Fig. 3 Comparator as sine-wave to square-wave
converter.Peak Detector.Another simple but useful comparator application is the peak detector.
As its name implies, the peak detector retains the maximum amplitude of a fluctuating input
voltage for subsequent readout and analysis. Suitable transducers connected to the input of a
peak detector permit the determination of such parameters as maximum wind velocity,
temperature, light intensity, vehicle speed, and many others.Figure 4 shows a basic peak
detector circuit that you can easily assemble. To understand its operation, assume that C1 is
initially discharged (i.e., the reset switch has been momentarily closed). This means that the
reference voltage at the inverting input of the comparator is 0 and that a positive input voltage
will immediately switch the output of the comparator to +9 volts. The comparator output will then
begin to charge C1 until the voltage across the capacitor equals the input voltage. As soon as
the two voltages are equal, the comparator output immediately drops to ground potential and C1
stops charging.Fig. 4 Schematic of a simple peak detector.If a subsequent input voltage
exceeds the charge stored in C1, the comparator output will again go high and allow C1 to
charge to the new peak voltage. This tracking process ensures that C1 always retains the peak
voltage applied to the input. When you want to track a new (lower) peak voltage, close the reset
switch to discharge C1.The peak detector circuit is subject to drift because C1 will gradually lose
its charge. Diode D1 prevents discharge through the comparator, but discharge can take place
through the output circuitry or through the dielectric leakage of the capacitor. For these reasons,



it is important to use a low-loss polystyrene or Mylar capacitor for C1 and a high-impedance
monitoring circuit.The Window Comparator.The comparator circuits described thus far operate
in the noninverting mode. That is, they generate an output identical in polarity to the input
voltage. However, a comparator can be operated in the inverting mode by simply reversing the
two inputs. This makes possible many additional applications, one of which is called the limit or
window comparator.A window comparator can be made from three-fourths of an LM339 quad
comparator as shown in Fig. 5. This chip was the subject of the January 1977 Experimenter’s
Corner. Unlike the 741, the LM339 is specifically designed to operate with a single-polarity
power supply.Fig. 5 A simple window comparator circuit.In operation, IC1C functions as a
noninverting comparator, but IC1A operates as an inverting comparator. Potentiometer R1 and
fixed resistors R2 and R3 form a divider chain that delivers slightly different voltages to the two
comparators. These voltages define the upper and lower limits of the circuit’s switching “window,”
which can be changed easily by varying R2 and R3.The output of each comparator in the
LM339 is an uncommitted collector. This means two or more outputs can be tied together to
achieve a logic OR function without using diodes or a logic gate.When the input voltage is less
positive than IC1C’s reference voltage, the output collector of this comparator is low. When the
input voltage is more positive than IC1A’s reference voltage, its output collector is low. When
either output is low, the other is pulled low, causing a LED connected between the two outputs
and the positive power supply to glow.If the input voltage falls in the window region between the
two reference voltages, the output of each comparator is high. This will cause a LED connected
to the outputs to be darkened.It’s usually desirable for an indicator to light when a desired
condition is met. The third comparator in Fig. 5 serves this purpose by inverting the output of the
window comparator. The LED then glows only when the input voltage falls within the window
region.An even more useful version of the circuit is shown in Fig. 6. Here, the third comparator is
employed as a NAND gate. Three LED’s connected to the outputs of all three comparators
provide a high/window/low indication. For best results, use a green LED for the window indicator
and red LED’s for the high and low indicators. The green LED will glow when the input voltage is
within the window. The red LED’s will indicate that the input voltage is either above or below the
window. The LED’s should be mounted in a vertical row with the high LED on top, the window
LED in the middle, and the low LED on the bottom.Fig. 6 Multiple-LED window comparator.If you
use three different colors for the LED’s, the circuit will tell you whether the input voltage is above,
below, or in the window no matter how the LED’s are mounted. A red LED connected to the
output of IC1A, for instance, would indicate a high voltage. A yellow LED at IC1C would indicate
a low voltage. Finnally, a green LED at IC1D would indicate an input voltage within the
window.Incidentally, the comparator used as a NAND gate in Fig. 6 can be replaced by a
conventional TTL 7400 NAND gate. In fact, the first breadboard version of the circuit I
assembled used a 7400. Similarly, the third comparator in Fig. 5 can be replaced by one of the
inverters in a 7404 hex inverter or an npn transistor and a 10,000-ohm base resistor. Keep this in
mind when building a window comparator in a complex circuit that in cludes digital logic chips. A



7400 with an unused gate will allow you to eliminate the extra resistors required by the com
parator NAND gate.4. Voltage-to-Frequency ConvertersMANY INTERESTING circuit
applications have been made possible by some relatively new monolithic ICs that convert
voltages applied to their inputs into pulse trains whose frequencies vary in step with changes in
the input voltages. In the past, voltage-to-frequency or simply V/F converters were available only
as expensive hybrid modules or do-it-yourself patchwork versions made from IC timers and op
amps. This month, we’ll look at several straightforward applications for two new V/F chips.V/F
Converter Basics.Figure 1 is a simplified block diagram of a basic V/F converter. The circuit
functions as a relaxation oscillator whose frequency is determined by the voltage applied to the
noninverting input of the comparator. If capacitor C1 is initially discharged, the output of the
comparator will switch to the positive supply voltage as soon as the input voltage becomes
positive. This triggers a one-shot timer that closes a switch to connect a constant current source
to C1 for a fixed time interval determined by the values of timing components RT and CT
Depending on many factors, this one injection of charge might develop a voltage across C1 that
is more positive than the input voltage. If this happens, the one-shot will not be triggered again
and will remain in its “off” state. The comparator will continue to monitor the input.Fig. 1
Functional diagram of a typical voltage/frequency converter.This charging cycle will be repeated
any time the input voltage becomes more positive than that across C1. In the meantime, C1 is
gradually discharged by R1. Should the voltage across C1 fall below the input voltage, the
charge sequence will be repeated—even if the input voltage has not changed.This automatic
tracking process, known as charge balancing, enables the circuit to generate a pulse train
whose frequency is precisely proportional to the input voltage. The output pulses developed by
the one-shot timer are buffered by transistor Q1.This is a highly simplified description of how
most V/F converters work. For more details, see Walter G. Jung’s “IC Timer Cook-book” (Howard
W. Sams and Co., 1977, pp. 184–192). The data sheets for the various V/F ICs also include good
explanations of how they operate.Teledyne 9400 V/F Converter.This 14-pin DIP incorporates
both CMOS and bipolar circuitry on a single silicon substrate. The result is very low current
comsumption, typically 3.5 mA when the IC is powered by a single 9-volt battery. The chip can,
however, be powered by either a dual- or single-polarity supply. Figure 2 is the schematic of a V/
F converter made with a 9400 and some external parts. The circuit, which is powered by a single-
ended supply, was adapted from one appearing in the manufacturer’s data sheet.Fig. 2 Voltage-
to-frequency converter using a 9400 IC.A breadboard version that I assembled began to emit an
output signal with a frequency of 0.3 Hz when the input voltage reached 0.25 volt. The maximum
input voltage to which the circuit would respond was exactly 8 volts when the circuit was
powered by a 9-volt alkaline battery. The output frequency corresponding to this input voltage
was 13.53 kHz. A plot of the output frequency versus the input voltage at half-volt intervals for
the prototype circuit is shown in Fig. 3. The striking linearity of this chip’s output-frequency/input-
voltage characteristic, which in this case extends over a five-decade frequency range, is
characteristic of V/F ICs.OneOneAnalog CircuitsAnalog Circuits1. Analog Computer Circuits,



Part 1If you think analog computers are a relic of the past, think again. Recent developments
have made possible sophisticated analog computer ICs with unprecedented accuracy. One of
these new circuits, billed as the first single-chip analog computer is the Analog Devices AD534
precision multiplier-divider. Available for about the same price as many microprocessors, the
AD534 can perform all the MDSSR functions (multiplication, division, squaring and square
rooting) with ease and in real time. There are no elaborate software requirements and the AD534
will perform any of these operations while the input information is changing at up to 1
MHz.Analog vs Digital.Most readers of this column already know the essential difference
between analog and digital integrated circuits. Analog ICs, such as amplifiers, oscillators and
timers, process or produce signals whose amplitudes are continuously variable over a given
range. Digital ICs, on the other hand, process or produce signals which occupy either a low or
high state.An amazing number of applications use either digital or analog circuits. Lately, of
course, the trend has been toward digital almost exclusively. In some ways, however, this trend
(or is it a fad?) is clearly unfortunate. Consider the digital voltmeter (DVM). The unprecedented
accuracy of a three- or four-digit DVM is ideal for making measurements of fixed voltages. But
have you ever tried to monitor a slowly changing voltage with a DVM? If not, good luck! The
stream of constantly changing numbers is almost impossible to read and makes little sense. An
old-fashioned panel meter with an analog readout (pointer and scale) offers a much better
solution to this common problem.When it comes to computers, digital technology has the
advantage in accuracy, programmability and computing power. Analog computers, however, are
ideal for simulating a real-world system such as a structure, machine, dam, aircraft or missile.
Simply rotating a few control knobs enables the computer’s operator to observe the effect of
changes on the system as they take place (in real time). Contrast this simple procedure with the
elaborate software manipulation required to vary conditions in a digital computer’s
program.Analog computers have one further advantage you should know about: low cost. You
can build an analog computer capable of solving a general quadratic equation (ax2 + bx + c = 0)
with a dozen or so inexpensive op amps, a few dozen resistors and potentiometers and a digital
voltmeter. And you can rewire (reprogram) this computer so that it can solve many other
mathematical functions and equations also.Adding with Resistors.A simple analog adding
calculator can be made from a pair of linear potentiometers equipped with pointer knobs and
scales and an ohmmeter. For best results, compromise with digital technology and use a digital
multimeter. The circuit for the adder is shown in Fig. 1.Fig. 1 Analog adder made from
potentiometers.Fig. 1 Analog adder made from potentiometers.The total resistance of two
resistors in series is the sum of their individual resistances. If the potentiometers in Fig. 1 each
have a resistance of 1000 ohms, the adder will add any two numbers of up to 1000 and produce
any total up to 2000. The accuracy of the adder is controlled by the accuracy of the ohmmeter,
the linearity of the potentiometers and the calibration of the scales. Thanks to the high accuracy
of the DMM, the error introduced by the ohmmeter can be very small. With this concession to
digital technology, the potentiometers and their calibration scales become the major sources of



error.Assuming perfectly linear potentiometers are not available (a reasonable assumption), the
adder can be custom calibrated with the help of the DMM. This is done by connecting the DMM
to a pot and marking its scale with a fine index line at each 100-ohm interval. The index lines are
then labeled 0, 100, 200, 300…. 1000 and the space between index lines is further subdivided
into smaller increments.Depending upon the care exercised in calibrating the adder (a large-
diameter scale helps), its accuracy can be better than 1 percent. While this is not as accurate as
a pocket calculator, the analog adder operates in real time since it continuously adds even as
the dials are being turned to new settings!Multiplying with Resistors.Figure 2 shows a resistive
circuit that multiplies. The circuit consists of two potentiometers and a DVM or conventional
voltmeter. Potentiometer R1 forms a voltage divider across the 10-volt power supply and R2
forms a voltage divider across R1’s wiper and ground.Fig. 2 Simple multiplier made from
potentiometers.Fig. 2 Simple multiplier made from potentiometers.Can you figure out how the
circuit multiplies? It’s easy if you ignore the resistance of the two pots and consider only the
positions of their wipers. Assume, for example, R1 has a scale with eleven equally spaced lines
marked 0 through 10. Also assume R2 has a similar scale marked 0 through 1 in increments of
0.1. When R1’s shaft is rotated to its midpoint, its dial points to the 5 on its scale. This means the
voltage at R1’s wiper is 5 volts. If R2 is rotated to its midpoint or 0.5, the incoming voltage is
again divided in half. The resulting voltage at R2’s slider is 2.5 volts, the product of the two
potentiometer settings (5 × 0.5 = 2.5).Improving the Accuracy of Resistor-Calculators.The adder
and multiplier circuits we’ve been experimenting with can be made much more accurate by
using ten-turn dial potentiometers. These pots are fairly expensive when new but can sometimes
be purchased used or surplus from mail-order parts suppliers. They have a built-in turns
indicator usually marked from 0 to 100 and can increase the accuracy of a simple resistor
calculator significantly.Op Amps Add Versatility.The simple resistor calculators we’ve
experimented with are ideal for simple applications where input information is programmed by
hand or, perhaps, by a mechanical device. Many applications, however, require that the
information enter the calculator in the form of a raw voltage.Typically, a transducer is used to
convert information such as windspeed, the rate of fluid flow through a pipe, temperature, weight
or some other variable information into a representative voltage. This voltage may then be
mathematically combined with the voltage from one or more other transducers to produce an
output voltage.Op Amp Fundamentals.Figure 3 illustrates the most important principle of the op
amp—the output voltage (VOUT) of an op amp equals the product of its feedback resistance
(RF) and the incoming voltage (VIN) divided by the input resistance (RIN). Algebraically, this is
expressed as VOUT = −RF VIN/RIN. This simple relationship or transfer function means an op
amp can both multiply and divide. If RIN is 1 ohm, then the op amp will multiply the input voltage
times the feedback resistance. Likewise, if the input voltage is a fixed 1 volt, the op amp will
divide the feedback resistance by the input resistance.Fig. 3 Basic op amp circuit.Fig. 3 Basic op
amp circuit.Note that a negative sign appears in the transfer function. This is so because input
signals are applied to the inverting input of the op amp which causes output signals to be the



opposite polarity with respect to the input signals. If RF equals RIN and a + 1-volt dc level is
applied between RIN and ground, the output of the op amp will be −1 volt—the same magnitude
(absolute value), but the opposite polarity. Keep this change of sign in mind when experimenting
with this and the following circuits in this two-part series, all of whose op amps are employed in
the inverting mode.You can easily demonstrate op amp multiplication and division with a
common op amp such as the 741, several potentiometers and a digital voltmeter. Figure 4
shows the 741 pin connections and how to connect the pots to the 741.Fig. 4 Op amp
multiplication.Fig. 4 Op amp multiplication.The op amp’s offset voltage will introduce a small
error in the output voltage. Figure 4 also shows how to connect a 10,000-ohm pot to the 741 to
alleviate this problem. Adjust the pot so that the 741 output is exactly zero when pin 2 is
grounded.As you’ve probably noticed, these methods of using an op amp to multiply and divide
still require at least one potentiometer adjustment to perform a calculation. There’s a clever way
to use op amp to multiply and divide without having to make manual potentiometer adjustments,
and we’ll examine it in detail in the second installment of this series. Meanwhile, let’s look at
ways to add and subtract using op amps that don’t require potentiometer adjustments.Adding
with an Op Amp.Figure 5 shows an op amp adder that will accept two input voltages, add them
and deliver the sum as an output voltage. Summing amplifier is the technical name for this
circuit.Fig. 5 Op amp summer.Fig. 5 Op amp summer.Because the feedback resistor (RF) has
the same resistance as R1 and R2, the voltage gain of the op amp is 1. This means the op amp
has unity gain and doesn’t alter the result of an addition. Changing the resistance of RF or both
R1 and R2 will cause the circuit to both add and multiply.Resistor R3 helps reduce errors caused
by the op amp’s input bias current. In non-critical applications it can be eliminated, in which case
pin 2 is connected directly to ground. If you use R3, its value should be equal to the reciprocal of
the sum of the reciprocals of R1 and R2. In other words, R3 = 1/(1/R + 1/R2) = R1R2/(R1 +
R2).For a quick demonstration of how the adder works, connect the positive terminals of a few
flashlight cells to the inputs. Connect the negative terminals of the cells to the adder’s ground. If
the cells each have identical voltages of 1.5 volts, the adder’s output will be −3.0 volts.For the
best results, use 1-percent tolerance resistors for R1, R2 and RF. If you don’t have, can’t find or
can’t afford 1-percent resistors, use a DMM to select three resistors having values as closely
matched as possible.You can use a summing amplifier to add more than two voltages simply by
connecting additional resistors to the noninverting input. The new resistors should equal the
input resistors and R3 should be adjusted according to R3 = 1/(1/R1 + 1/R2 + 1/R3 + … 1/
RN).Averaging with an Op Amp.A summing amplifier can also average two incoming voltages.
All that’s necessary is to make the ratio RF/RIN equal to the reciprocal of the number of input
voltages. For example, to convert the adder circuit of Fig. 5 to an averager, leave the values of
R1 and R2 undisturbed but change RF to 50,000 ohms. This causes the ratio of RF/RIN (1/2) to
equal the reciprocal of the number of inputs (2).If you want to average more than two voltages,
add additional input resistors and adjust the values of RF and R3 accordingly. The average of
five incoming voltages is their sum divided by 5. Therefore, the reciprocal of RF/RIN should be 5.



Because the resistance of RIN is fixed at 100,000 ohms, the resistance of RF should be 20,000
ohms.Subtracting with an Op Amp.The final analog computer circuit we will look at this month is
the subtractor or difference amplifier shown in Fig. 6. This circuit is based upon the ability of an
op amp to amplify the difference between the two voltages applied to its two inputs. If the ratio of
RF to the circuit’s input resistors is 1, the circuit has unity gain and will produce the arithmetic
difference of two input voltages.Fig. 6 Op amp subtraction.Fig. 6 Op amp subtraction.The output
voltage of the difference amplifier equals V2–V1. The circuit works for both positive and negative
inputs and outputs. Thus, if V1 is +5 volts and V2 is +10 volts, the output will be +5 volts. Of
course, the output cannot exceed the power supply voltage.Incidentally, an analog computer
circuit that handles any of the four possible combinations of positive and negative inputs is
called a four-quadrant device. A two-quadrant device responds to two of the four combinations
of input polarities, and one-quadrant devices respond to one combination of input
polarities.Analog Computer Circuits, Part 2One way to multiply or divide two voltages is to
convert both to their logarithms. Multiplication is accomplished by adding the two logs with a
summing amplifier. Division can be performed by subtracting the log of the divisor from the log of
the dividend with a difference amplifier. The antilog of the result is the product or quotient, as the
case may be.Now that the pocket calculator has replaced the slide rule, logarithms are not used
nearly as often as they once were. So let’s take time out for a brief refresher course before
moving on.Logarithms.Any decimal number can be expressed as a power of ten. For example,
1,000 is 103 and 736 is 102.8669. In both cases, the exponent of the base 10 is referred to as
the number’s logarithm. One important aspect of logarithms is revealed by the following
table.NumberPower of TenLogarithm110°010101110010221,000103310,0001044100,0001055
1,000,0001066NumberPower of TenLogarithm110°010101110010221,000103310,0001044100,
00010551,000,0001066NumberNumberPower of TenPower of TenLogarithmLogarithm1110°10°
00101010110111100100102102221,0001,0001031033310,00010,00010410444100,000100,00
0105105551,000,0001,000,00010610666As you can see, a very wide range of decimal
numbers occupies a very small range of logarithms. The resulting compression provides a
handy shorthand method for processing very large numerical variations.We noted earlier that
two numbers can be multiplied by adding their logs or divided by subtracting their logs. That’s
how a slide rule works. It’s also possible to add and subtract numbers using ordinary rulers.
Place one ruler atop the other. Then align the 0 on the top ruler with one of the numbers being
added on the bottom ruler. Next, find the second number being added on the top ruler. This
number will point to the sum on the bottom ruler.Rulers have a linear scale—their divisions are
equally spaced. A slide rule, on the other hand, has a logarithmic or compressed scale. When
you multiply two numbers with a slide rule, you are actually adding their togs.Look back at the
table and multiply 1,000 × 100 to see how this works. The log of 1,000 is 3 and the log of 100 is
2. 3 + 2 = 5 so the log of 1,000 × 100 is 5. From the table, 5 is the log of 100,000 (or 100,000 is
the antilog of 5) so 1,000 × 100 = 100,000. Try dividing a few numbers in the table by subtracting
the log of the divisor from the log of the dividend and taking the antilog of the remainder to



obtain the quotient.Before the advent of the pocket calculator, the use of logarithms was
standard procedure when multiplying and dividing very large or very small numbers. Logs are
also handy for extracting roots. The cube root of 27, for example, is found by dividing the log of
27 by 3 and extracting the antilog of the result. (The log of 27, 1.4314, divided by 3 is 0.4771; the
antilog of 0.4771 is 3, the cube root of 27.)Incidentally, numbers in any number system can be
expressed as logarithms. Can you figure out the logarithms of the binary sequence 1, 10, 100,
1000 … 10000000? (Hint: 1000 is 23.)The Logarithmic Amplifier.The voltage drop across a
diode is related logarithmically to the current flowing through it. This makes possible the
conversion of a voltage into its log.Practical log conversion is best achieved by using a transistor
in a common- or grounded-base configuration instead of a diode. Figure 1 shows how the
transistor is connected in place of an op-amp’s feedback resistor to give what is called a
transdiode logarithmic amplifier. Although the circuit is an amplifier, you can think of it as a log
generator to avoid confusion.Fig. 1 Schematic of a basic logarithmic amplifier.Fig. 1 Schematic
of a basic logarithmic amplifier.Not all transistors exhibit logarithmic properties over as wide a
range as might be required. Many, however, do and one readily available type is the 2N2222
(equivalent to Radio Shack type RS2009).You can easily assemble a breadboard log amplifier
with the help of a 741 or any other frequency-compensated op amp. Figure 2 shows the details
of a practical version of the circuit in Figure 1. Capacitor C1 does not assist in the log conversion
process. Instead, it reduces the ac gain of the op amp and helps eliminate high-frequency
oscillation which might otherwise occur. Diode D1 protects the transistor from excessive reverse
base-emitter bias from the op amp’s output.Fig. 2 A practical logarithmic amplifier circuit.Fig. 2 A
practical logarithmic amplifier circuit.On the following page are the results I obtained from a
breadboard version of the circuit in Fig. 2.Input (mV)Output
(mV)1−32210−371100−4321,000−49410,000−557Input (mV)Output
(mV)1−32210−371100−4321,000−49410,000−557Input (mV)Input (mV)Output (mV)Output (mV
)11−322−3221010−371−371100100−432−4321,0001,000−494−49410,00010,000−557−557In
all cases, the output voltage was inverted (negative), but this is of no major consequence as we
can either ignore the polarity or, if desired, change it with an inverting buffer.Figure 3 shows the
data in the table plotted on a semi-log graph. The graph is called semi-log because one axis is
linear (the output voltage) and the other is logarithmic (the input voltage). A plot of the data
produces a straight line on the semi-log graph, so we know the log amplifier is reasonably
accurate over the given range.Fig. 3 Operation of a log amplifier plotted on semi-log graph
paper.Fig. 3 Operation of a log amplifier plotted on semi-log graph paper.Now that we’ve seen
how a real log amplifier works, let’s look at a few of its characteristics. First, notice the very small
range in output voltage (a few hundred millivolts) that results from the huge swing in input
voltage (10,000 millivolts). This characteristic of log amplifiers is ideal for compressing very large
voltage excursions into more manageable form.A second characteristic is that the transfer
function of our log amplifier is not − VOUT = log (Vin). Rather, it’s approximately − VOUT = 0.06
log vin + K where K is a constant. For the log amplifier I built, K is 0.495. Your amplifier might



yield a slightly different K. You can use a programmable calculator to compute the exact transfer
function.A third characteristic of our log amplifier is that it is temperature sensitive. That’s not
good because the current flowing through the 2N2222 causes heating which can alter the
accuracy of the circuit. The error this introduces can be substantial, easily several percent.Yet
another characteristic of the amplifier is that the input offset voltage of the op amp can cause a
substantial but predictable error when the input voltage is small. This problem can be alleviated
by connecting a 10,000-ohm potentiometer to the 741 as shown in Fig. 4. Pin 2 of the 741 is then
temporarily shorted to ground and the offset potentiometer is adjusted until VOUT is exactly zero
volt.Fig. 4 Adding an offset pot to the log amplifier.Fig. 4 Adding an offset pot to the log
amplifier.A more significant error is introduced by the op amp’s bias current. This ranges from 80
to 500 nonoamperes for the 741. Figure 4 also shows how to compensate for this problem by
temporarily replacing the components in the feedback loop with a 100,000-ohm resistor and
adding a bias current potentiometer. The pot is then adjusted until −VOUT exactly equals VIN
over as wide a voltage range as you expect the amplifier to receive.You don’t have to make all
these calibration adjustments when building a simple log amplifier for experimental purposes.
But if you decide to build your own analog computer, for best results you’ll need to calibrate or
trim each op amp using the methods described.The Antilogarithmic Amplifier.Analog computing
circuits that use log amplifiers require one or more antilog amplifiers to convert results back into
linear form. Antilog amplifiers can also be used to expand narrow ranging input voltages into
much wider and therefore more easily resolved form.If the transfer function of an ideal log
amplifier is VOUT = log (VIN) then the transfer function of an ideal antilog amplifier is VOUT =
10VIN. In an actual circuit, however, the transfer function is the inverse of the log amplifier’s. The
differneces between ideal and actual transfer functions are therefore compensated.Figure 5
shows the circuit for a working antilog amplifier you can make. An interesting experiment is to
connect the input of the antilog amplifier to the output of the log amplifier in Figure 2. If both
amplifiers are perfectly accurate, the transfer function for the combination will be VOUT =
VIN.Fig. 5 Schematic of an anti-logarithmic amplifier.Fig. 5 Schematic of an anti-logarithmic
amplifier.Here are the results I obtained from a log-antilog combination with no calibration
adjustments:VIN (mV)VOUT (mV)1110−6100−1111,000−1,20510,000−11,490VIN (mV)VOUT
(mV)1110−6100−1111,000−1,20510,000−11,490VIN (mV)VIN (mV)VOUT (mV)VOUT (mV)1111
1010−6−6100100−111−1111,0001,000−1,205−1,20510,00010,000−11,490−11,490As you can
see, the error is fairly high. Calibrating both amplifiers using the methods previously outlined will
provide much better results.The Analog Multiplier.Now that we’ve built log, antilog and summing
amplifiers, we can build an analog multiplier. A block diagram for the multiplier is shown in Fig. 6
and a complete circuit in Fig. 7.Fig. 6 Block diagram of a logarithmic multiplier.Fig. 6 Block
diagram of a logarithmic multiplier.Fig. 7 Analog logarithmic multiplier circuit.Fig. 7 Analog
logarithmic multiplier circuit.The maximum error of the multiplier is easily in excess of 10 percent.
Can you improve this figure over several decades of input voltage? (Hint: Use careful calibration
procedures and try to keep all feedback transistors at the same temperature by, say, bonding



them together with epoxy cement.)You can convert the multiplier into an analog divider simply by
changing the summing amplifier into a difference amplifier.Single-Chip Multipliers.Contrary to
my usual practice of breadboarding every circuit that appears in this column, I must confess to
not having assembled the multiplier in Fig. 7. Several single IC multipliers that include all
necessary amplifiers and transistors on the same silicon chip are now available, and they’re
much easier to use and more accurate because all circuit elements on the chip are at the same
temperature. One such multiplier is Motorola’s MC1595.Fig. 7 A moving-dot voltage
indicator.Fig. 7 A moving-dot voltage indicator.Single-chip multipliers like the MC1595 require
many external calibration resistors, but recently Raytheon and Analog Devices introduced single-
chip multipliers that include built-in error correcting features. Raytheon’s chip is the 4200 and
Analog Devices’ is the AD534.The 4200 is much less expensive than the AD534, but the latter is
far superior to any previous single-chip multiplier because it includes 12 calibration resistors that
have been factory-trimmed to a high degree of accuracy by a pulsed laser. The laser zaps away
bits of thin-film calibration resistors that have been previously deposited directly on the silicon
chip until a specified accuracy is reached.The AD534 is being billed as the first single-chip
analog computer. Having experimented with both overly demanding, temperature-sensitive log
amps and now the AD534, I’m more than willing to accept this enthusiastic claim. Figure 8
shows why. All the circuits shown are complete—no calibration resistors are required.Fig. 8
Applications for the AD534 multiplier.Fig. 8 Applications for the AD534 multiplier.Here’s an
example of the results I obtained for an AD534 connected as a multiplier and a square rooter:As
you can readily see, the AD534 is exceptionally accurate. If you want to experiment with the
AD534, you’ll have to order one from an Analog Devices representative. Write the company for a
list of reps and a specification sheet (Route One, Industrial Park, Box 280, Norwood, MA 02062).
The single-quantity price is $26.00 for the lowest accuracy version (AD534J; ± 1% total error). If
the price seems high, look at it again after you’ve spent a frustrating evening trying to calibrate a
homebrew multiplier. If you prefer digital circuits, consider the cost of the hardware and the time
to de velop software for a microprocessor that will perform the same functions.2. The Analog
Sample/Hold CircuitMICROPROCESSOR enthusiasts are constantly seeking simple ways to
interface small controllers and computers with the outside world of analog signals. One well-
known analog circuit with many interfacing applications is the op-amp sample/hold (or sample
and hold) circuit.A sample/hold circuit stores in a capacitor the instantaneous voltage present at
its input. The stored voltage, which can represent anything from the intensity of light illuminating
a photocell to an audio signal, can be converted into digital form by an analog-to-digital
converter for processing by a microprocessor. What’s more, a sample/hold stage can be used in
many different analog applications.Simple Sample/Hold Circuit.Figure 1 schematically shows a
very simple but functioning sample/hold circuit. The key component of the circuit is capacitator
C1. When switch S1 is momentarily toggled to its sample position, the capacitor charges to the
voltage present at the input. The charge on the capacitor is monitored by ICI, an op amp with a
very high input impedance, which should be an NE536 or similar amplifier with a FET input



stage. When switch S1 is released, it returns to its center (off) HOLD position and disconnects
C1 from the input of the circuit. Because the op amp’s input impedance is very high, the charge
stored in the capacitor is effectively trapped and the voltage across C1 remains almost constant
for an appreciable amount of time.Fig. 1 Schematic of a demonstration sample/hold circuit.Fig. 1
Schematic of a demonstration sample/hold circuit.The op amp is connected as a voltage
follower with unity gain. This arrangement permits the charge on the capacitor to be measured
by a standard multimeter without significantly altering the amount of stored charge. Connecting a
conventional, low-input-impedance voltmeter across the capacitor would, of course, quickly
drain the capacitor of its charge. After the magnitude of the voltage sample has been
determined, the switch can be momentarily placed in its RESET position to remove the charge
from the capacitor and prepare the circuit for a new sample.It’s easy to operate the circuit in
Figure 1. Use a 1.5-volt cell to supply the input voltage. With the sample switch closed, adjust
calibration potentiometer R1 until the meter reads 0.15 mA, which corresponds to a voltage of
1.5 volts.You can omit the milliammeter and potentiometer if you prefer to connect a voltmeter
directly to the output of the op amp. Because the op amp is connected as a unity-gain voltage
follower, the voltage at its output will be identical to that at its input. This does not mean that the
op amp is superfluous. To the contrary, it provides the very high input impedance that permits
the voltage stored across C1 to be monitored without significant loss.After you have sampled the
input voltage, allow the switch to return to its hold position and monitor the meter reading. If C1 is
a high-quality, low-loss polystrene or Mylar unit, the sampled voltage will remain constant for a
substantial period of time. Lower-quality capacitors including some ceramic discs will lose their
stored charge at a much faster rate, as will be evidenced by a noticeable downward movement
of the meter needle.To increase the circuit’s useful storage time, a capacitor larger than the one
specified in Figure 1 can be used. But it will require a longer sample interval to charge up to the
full input voltage, especially if the sample generator has a significant internal
impedance.Incidentally, if you don’t have an NE536 or similar FET-input op amp on hand, you
can use a standard 741 for demonstration purposes. You’ll have to increase the capacitance of
C1 to 1μF or more, because the stored voltage will be lost much more rapidly than if a FET-input
op amp is used, due to the 741’s much lower input impedance.Adding Digital Control.The circuit
we have just described is fine for demonstration purposes, but the circuit shown in Fig. 2 is more
practical because the sample/hold process is controlled by logic levels instead of mechanical
switches. As you can see by comparing the two circuits, the ganged sample/hold/reset switches
have been replaced by two of the analog switches in a CD4066 quad analog switch.
Furthermore, the NE536 has been replaced by a CA3130 MOSFET-input op amp, but the circuit
will work with the 536 as a pin-for-pin replacement without C2.Fig. 2 Digitally controlled sample/
hold circuit using CMOS chips. To sample: make sample enable high. To reset: make reset
enable high.Fig. 2 Digitally controlled sample/hold circuit using CMOS chips. To sample: make
sample enable high. To reset: make reset enable high.The analog switch is a newcomer to this
column. Like the three-state gate described in the March 1978 issue, the analog switch has an



enable input and ports that allow a signal to enter and leave. The analog switch, however, can
transmit or block both digital logic levels and analog (variable) voltages. Like a conventional
mechanical switch, an analog switch can pass a signal in either direction. Figure 3 shows the
equivalent circuit of the analog switch.Fig. 3 Equivalent circuit of a basic analog switch.Fig. 3
Equivalent circuit of a basic analog switch.The CA3130 op amp is also a newcomer to this
column. I’ll have more to say about both it and the CD4066 in future columns. Meanwhile, suffice
it to say that the CD4066 is one of a family of CMOS analog switches having many fascinating
applications. The switches in the CD4066 are off when their enable inputs are low and on when
their enable inputs are high. The “off” resistance is around 1011 ohms, and the “on” resistance is
typically 80 ohms.To sample a voltage with the circuit shown in Fig. 2, the sample enable input,
which is normally kept low, is allowed to go high. The sampled signal level is then stored by C1
until the reset enable input, which also is normally kept low, goes high. This allows C1 to
discharge to ground through ICIB.If the reset enable input is again made low, C1 will
immediately store the voltage present at the input if the sample enable input is still high. Of
course, if the sample enable input is low, C1 will not receive the new sample until the sample
enable input is high. (Ordinarily, both enable lines should not be allowed to go high
simultaneously. Otherwise, the signal source output will be connected to ground via a low-
impedance path.)As you can see, there are several operating possibilities for the circuit, each of
which can be readily selected by a two-bit logic signal. The factors governing the calibration of
the output meter and the selection of C1 are identical to those that apply to the previous
circuit.Applications.The most straightforward application for the sample/hold circuit of Fig. 2 is
an analog memory circuit capable of storing a transduced temperature, light intensity, or
pressure, or any other analog signal for later processing.The circuit can also be used as a timer.
Replace meter M1 and R1 with a LED and 330-ohm series resistor. The LED will glow until the
voltage across C1 drops below the LED’s turn-on threshold. Increase the capacitance of C1 for
longer time delays. Increasing the magnitude of the sampled voltage up to a maximum of VDD
will also give longer delays.You can create unusual sound effects by connecting the output of the
circuit to a voltage-controlled oscillator such as the 566 function generator or unijunction
transistor relaxation oscillator. For a siren effect, connect a high resistance (e.g. 1 megohm)
between pin 4 of ICIB and C1. When the reset enable input is activated, the output voltage will
slowly decrease, causing the vco to generate a siren-like sound. The upward wail of the siren is
obtained by connecting a second high-value resistor between pin 1 of IC1A and the input
voltage source.3. The Analog ComparatorTHE ANALOG comparator is a circuit that compares
an input voltage to a reference voltage and changes the state of its output when the input
exceeds the reference. This decision-making ability has many important applications, several of
which we will examine here.A simple analog comparator can be made by using an operational
amplifier without a feedback resistor. The role that a feedback resistor usually plays is to pass
some of the amplified signal back to the inverting input of the op amp, thus reducing the
amplifier’s gain. Without the gain limitation imposed by a feedback resistor, the op amp operates



at its maximum (“open-loop”) gain. A small input voltage will then cause the output of the op amp
to change state immediately. The resulting voltage swing is so dramatic that the comparator can
be considered a switching circuit.The operation of a noninverting analog comparator is shown in
Fig. 1. A known reference voltage is applied to the comparator’s inverting (−) input, and an
unknown voltage to its noninverting (+) input. The LED indicates the status of the comparator’s
output.Fig. 1 Operation of a basic comparator circuit.Fig. 1 Operation of a basic comparator
circuit.In operation, the output of the comparator is at −V when the input voltage is more
negative than the reference voltage which in this case is ground. The LED indicates this by
glowing. When the input voltage is more positive than the reference voltage, the comparator
output switches from -V to +V and the LED is extinguished. Because the reference is ground, a
very small positive voltage will trigger the comparator. In both cases, the voltage difference is
measured in millivolts.Comparator Demonstration Circuit.Unless you have previously worked
with analog comparators, you will probably want to take a few minutes to breadboard the simple
demonstration circuit shown in Fig. 2 before trying any of the circuits that will be described
later.Fig. 2 Schematic of a demonstration comparator circuit.Fig. 2 Schematic of a
demonstration comparator circuit.The comparator in this circuit is a 741 op amp without a
feedback resistor. A variable input voltage is provided by R1, a potentiometer operated as a
voltage divider. Resistors R2 and R3 form a fixed voltage divider that provides a reference at half
the supply voltage.When the input voltage is below the reference voltage, the LED glows to
indicate that the comparator’s output is low (at ground). The LED switches off to indicate the
comparator’s output is high (at +9V) as soon as the input voltage exceeds the reference voltage.
With the values shown in Figure 2, R1’s wiper will be at the center of its rotation when the
comparator switches, assuming that R1 is a linear potentiometer.Sine- to Square-Wave
Converter.One of the simplest applications for a comparator is the sine- to square-wave
converter shown in Fig. 3. The reference voltage is ground so the comparator switches its output
to its maximum positive value when the sine-wave voltage exceeds ground potential. Similarly,
the comparator output switches to its maximum negative value when the sine-wave voltage is at
or below ground potential. The result is a square wave with the same period as the sine
wave.Fig. 3 Comparator as sine-wave to square-wave converter.Fig. 3 Comparator as sine-wave
to square-wave converter.Peak Detector.Another simple but useful comparator application is the
peak detector. As its name implies, the peak detector retains the maximum amplitude of a
fluctuating input voltage for subsequent readout and analysis. Suitable transducers connected to
the input of a peak detector permit the determination of such parameters as maximum wind
velocity, temperature, light intensity, vehicle speed, and many others.Figure 4 shows a basic
peak detector circuit that you can easily assemble. To understand its operation, assume that C1
is initially discharged (i.e., the reset switch has been momentarily closed). This means that the
reference voltage at the inverting input of the comparator is 0 and that a positive input voltage
will immediately switch the output of the comparator to +9 volts. The comparator output will then
begin to charge C1 until the voltage across the capacitor equals the input voltage. As soon as



the two voltages are equal, the comparator output immediately drops to ground potential and C1
stops charging.Fig. 4 Schematic of a simple peak detector.Fig. 4 Schematic of a simple peak
detector.If a subsequent input voltage exceeds the charge stored in C1, the comparator output
will again go high and allow C1 to charge to the new peak voltage. This tracking process
ensures that C1 always retains the peak voltage applied to the input. When you want to track a
new (lower) peak voltage, close the reset switch to discharge C1.The peak detector circuit is
subject to drift because C1 will gradually lose its charge. Diode D1 prevents discharge through
the comparator, but discharge can take place through the output circuitry or through the
dielectric leakage of the capacitor. For these reasons, it is important to use a low-loss
polystyrene or Mylar capacitor for C1 and a high-impedance monitoring circuit.The Window
Comparator.The comparator circuits described thus far operate in the noninverting mode. That
is, they generate an output identical in polarity to the input voltage. However, a comparator can
be operated in the inverting mode by simply reversing the two inputs. This makes possible many
additional applications, one of which is called the limit or window comparator.A window
comparator can be made from three-fourths of an LM339 quad comparator as shown in Fig. 5.
This chip was the subject of the January 1977 Experimenter’s Corner. Unlike the 741, the LM339
is specifically designed to operate with a single-polarity power supply.Fig. 5 A simple window
comparator circuit.Fig. 5 A simple window comparator circuit.In operation, IC1C functions as a
noninverting comparator, but IC1A operates as an inverting comparator. Potentiometer R1 and
fixed resistors R2 and R3 form a divider chain that delivers slightly different voltages to the two
comparators. These voltages define the upper and lower limits of the circuit’s switching “window,”
which can be changed easily by varying R2 and R3.The output of each comparator in the
LM339 is an uncommitted collector. This means two or more outputs can be tied together to
achieve a logic OR function without using diodes or a logic gate.When the input voltage is less
positive than IC1C’s reference voltage, the output collector of this comparator is low. When the
input voltage is more positive than IC1A’s reference voltage, its output collector is low. When
either output is low, the other is pulled low, causing a LED connected between the two outputs
and the positive power supply to glow.If the input voltage falls in the window region between the
two reference voltages, the output of each comparator is high. This will cause a LED connected
to the outputs to be darkened.It’s usually desirable for an indicator to light when a desired
condition is met. The third comparator in Fig. 5 serves this purpose by inverting the output of the
window comparator. The LED then glows only when the input voltage falls within the window
region.An even more useful version of the circuit is shown in Fig. 6. Here, the third comparator is
employed as a NAND gate. Three LED’s connected to the outputs of all three comparators
provide a high/window/low indication. For best results, use a green LED for the window indicator
and red LED’s for the high and low indicators. The green LED will glow when the input voltage is
within the window. The red LED’s will indicate that the input voltage is either above or below the
window. The LED’s should be mounted in a vertical row with the high LED on top, the window
LED in the middle, and the low LED on the bottom.Fig. 6 Multiple-LED window comparator.Fig. 6



Multiple-LED window comparator.If you use three different colors for the LED’s, the circuit will tell
you whether the input voltage is above, below, or in the window no matter how the LED’s are
mounted. A red LED connected to the output of IC1A, for instance, would indicate a high voltage.
A yellow LED at IC1C would indicate a low voltage. Finnally, a green LED at IC1D would indicate
an input voltage within the window.Incidentally, the comparator used as a NAND gate in Fig. 6
can be replaced by a conventional TTL 7400 NAND gate. In fact, the first breadboard version of
the circuit I assembled used a 7400. Similarly, the third comparator in Fig. 5 can be replaced by
one of the inverters in a 7404 hex inverter or an npn transistor and a 10,000-ohm base resistor.
Keep this in mind when building a window comparator in a complex circuit that in cludes digital
logic chips. A 7400 with an unused gate will allow you to eliminate the extra resistors required by
the com parator NAND gate.4. Voltage-to-Frequency ConvertersMANY INTERESTING circuit
applications have been made possible by some relatively new monolithic ICs that convert
voltages applied to their inputs into pulse trains whose frequencies vary in step with changes in
the input voltages. In the past, voltage-to-frequency or simply V/F converters were available only
as expensive hybrid modules or do-it-yourself patchwork versions made from IC timers and op
amps. This month, we’ll look at several straightforward applications for two new V/F chips.V/F
Converter Basics.Figure 1 is a simplified block diagram of a basic V/F converter. The circuit
functions as a relaxation oscillator whose frequency is determined by the voltage applied to the
noninverting input of the comparator. If capacitor C1 is initially discharged, the output of the
comparator will switch to the positive supply voltage as soon as the input voltage becomes
positive. This triggers a one-shot timer that closes a switch to connect a constant current source
to C1 for a fixed time interval determined by the values of timing components RT and CT
Depending on many factors, this one injection of charge might develop a voltage across C1 that
is more positive than the input voltage. If this happens, the one-shot will not be triggered again
and will remain in its “off” state. The comparator will continue to monitor the input.Fig. 1
Functional diagram of a typical voltage/frequency converter.Fig. 1 Functional diagram of a typical
voltage/frequency converter.This charging cycle will be repeated any time the input voltage
becomes more positive than that across C1. In the meantime, C1 is gradually discharged by R1.
Should the voltage across C1 fall below the input voltage, the charge sequence will be repeated
—even if the input voltage has not changed.This automatic tracking process, known as charge
balancing, enables the circuit to generate a pulse train whose frequency is precisely proportional
to the input voltage. The output pulses developed by the one-shot timer are buffered by
transistor Q1.This is a highly simplified description of how most V/F converters work. For more
details, see Walter G. Jung’s “IC Timer Cook-book” (Howard W. Sams and Co., 1977, pp. 184–
192). The data sheets for the various V/F ICs also include good explanations of how they
operate.Teledyne 9400 V/F Converter.This 14-pin DIP incorporates both CMOS and bipolar
circuitry on a single silicon substrate. The result is very low current comsumption, typically 3.5
mA when the IC is powered by a single 9-volt battery. The chip can, however, be powered by
either a dual- or single-polarity supply. Figure 2 is the schematic of a V/F converter made with a



9400 and some external parts. The circuit, which is powered by a single-ended supply, was
adapted from one appearing in the manufacturer’s data sheet.Fig. 2 Voltage-to-frequency
converter using a 9400 IC.Fig. 2 Voltage-to-frequency converter using a 9400 IC.A breadboard
version that I assembled began to emit an output signal with a frequency of 0.3 Hz when the
input voltage reached 0.25 volt. The maximum input voltage to which the circuit would respond
was exactly 8 volts when the circuit was powered by a 9-volt alkaline battery. The output
frequency corresponding to this input voltage was 13.53 kHz. A plot of the output frequency
versus the input voltage at half-volt intervals for the prototype circuit is shown in Fig. 3. The
striking linearity of this chip’s output-frequency/input-voltage characteristic, which in this case
extends over a five-decade frequency range, is characteristic of V/F ICs.
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