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Factors to Consider

In Selecting A Linear

Integrated Circuit

by Jerry Eimbinder

EEE Magazine

In choosing a linear integrated circuit (particularly if it's an operational-amplifier
ICc), finding one that meets your requirements can be only half the job (1). Often
there will be many ICs available that you can use. In this case, narrowing down to
the one IC best suited for your application can be a truly difficult task.

First of all, the specifications on the data sheet aren't the whole story. Factors
often not readily obtainable from the data sheet which can affect your choice include
reliability, acceptability and compatibility of the package and the supply requirements,
capability to withstand the application's environmental stresses and degree to which
the device is accident-proof.

Then, of course, there's price. Prices are rarely, if ever, present on data sheets.
But if the device you're looking at is subjected to a lot of tests that you don't need,
it's a good bet you'll do better price-wise if you look somewhere else. Ditto if the
package is metal and you can get by with plastic, or if'the allowable operating
temperature range exceeds your requirements.

The rules presented in the following paragraphs can help in selecting that one IC
which is right for your application. They are, of course, general rules but applied
in conjunction with a little common sense, they can be very helpful.

1.1 RULE 1l: DON'T OVERSPECIFY i

Decide which specs are critical and which are not. If you're building a voltage
regulator with op-amp ICs and there is a large differential voltage during turn-on,
you'll have to consider this a very critical parameter. If you're working with a very-
high-gain, high-source impedancé amplifier, you'll want to consider offset current more
critical than offset voltage. If you specify both very tightly, you'll be sending
up the cost of the amplifier needlessly. : ‘

There are many parametefs that can be given for an op-amp IC (for example: input
offset voltage and current, input bias current, input impedance, input common-mode
range, slew rate, common-mode and power-supply rejection, bandwidth, output drive
capability, open-loop gain, drift, noise, dissipation and so on). Cerﬁainly, which
of these parameters are optimized will vary from IC type to IC type. How the
parameters are optimized will depend on the markets at whiéh the IC's manufacturer
is aiming (2). ‘ ‘

There is usually enough compromise involved in designing a linear IC so that it
can-fit a variety of applications. Siegel warns, however, that some of the
miscellaneous applications suggested on a manufacturer's data sheet, while technically
feasible, may be f nancially ludicrous (3). Gifford indicates which parameters are
the key ones for various applications and suggests typical 'values in "Designing With
Linear Integrated Circuits" (4).



1.2 RULE 2: CHECK THE SAFETY FEATURES

Besides selecting which specs you want and which you don't need, you may have to do
some .choosing regarding safety factors, too. So as part of your elimination procedure,
you'll want to check the safety features. One question that should be asked is: can
this IC get me into trouble? Problems that will arise under fault conditions should
be considered. Will the output become seriously distorted? Will the whole system go
up in smoke? Some ICs are more goof-proof than others and this is a factor not to be
taken lightly.

For example, op-amp ICs can be bought with or without output short-circuit protection
and input overvoltage protection. Since the emitter-to-base junctions of input transis-
tors are sensitive to damage by large applied voltages, some form of input protection
may be desirable. Ungrounded soldering irons, excessive input signals and static
discharges are all apt to challenge the input of the IC.

1.3 RULE 3: WEIGH COST AGAINST PERFORMANCE

Of course, when you add any features, even ones concerned with safety, you've got to
consider how they'll affect the overall cost--not just the immediate cost of the chip.
Reducing the cost of building or maintaining the system, however, should justify adding
to the chip cost.

Cost, understandably, keeps getting into the picture during the evaluation of an IC.
Throughout the elimination process you must continually weigh cost against performance.
From an economical standpoint, a designer today, should be looking at operational-
amplifier ICs that require little or no compensation. The prices of resistors and
capacitors are bottoming out; to save money in the future, you'll have to eliminate
these components by incorporating them on the chip. But, on the other hand, if you're
pianning to use a fully compensated op-amp IC right now, better make sure you're not
limiting yourself frequencywise.

Judging cost is complicated by the fact that determining the overall system cost
involves guesswork. Nevertheless, it shouldn't be too difficult to decide, for
example, if using a dual op-amp IC instead of two separate units or a high-gain amplifier
instead of two low-gain amplifiers are economical moves. Although if, as in the case of
the dual op-amp IC, the close temperature tracking of two circuits on one chip is
especially desirable, the weighing becomes more complex. o A

Reducing "can count" (the number of packages used) is generally a good idea from a
reliability standpoint but the designer should make sure that this doesn't adversely
affect flexibility and performance.

1.4 RULE 4: CONSIDER FREQUENCY COMPENSATION

The frequency compensation that will be required differs widely among commercially
available op-amp ICs. At one time, in fact, opponents of op-amp ICs cited the need
for frequency-compensation networks as the prime reason for not using op-amp ICs.

The discrete components required for frequency compensation do add to the space re-
quirements and assembly cost. Various arrangements used for commercially available
op-amp ICs can require from zero to seven components(5) depending on the IC and applica-
tion. Certainly, it is of key importance for the designer to consider frequency
compensation. He should look at the op-amp IC and attempt to determine how prone it is
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to oscillation if the supply is not exactly bypassed properly. The IC should be
evaluated to see how prone it is to oscillation with varying capacitive loads and how
probable it is that stray capacitance around the circuit will send it into oscillation.

Too much bandwidth in an amplifier can work against you. Extra capacitors may be
needed across the feedback resistors to prevent oscillation.

1.5 RULE 5: COMPARE THE SPECIFICATIONS OF VARIOUS VENDORS

It's essential to understand the nature of the input signal and to spell out what the
worst-case conditions will be in terms of- voltage swing, noise, supply variations, etc.
If this is done, you're in a good position to compare the specs of various vendors.

In working with the data sheets of IC manufacturers, care should be exercised in
checking to see if the test conditions of both manufacturers are the same for a
particular characteristic. ) _

For example, if you're comparing offset voltages, see if the source impedances speci-
fied by both manufacturers are the same. If you're looking at slew rate, make sure
both manufacturers are doing their measuring at the same gain.

Op-amp specifications are evolved from nonlinear characteristics and as Stata
warns (6), it's not surprising if the circuit doesn't "play the first time around."

It's common practice for a semiconductor-device manufacturer to spec his product
under favorable operating conditions. Therefore the user must also attempt to relate
the data sheet information to his own application.

widlar points out (7) that it's difficult to get the whole story on any IC from a
data sheet. He notes that the IC must also be designed so that it's operation isn't
erratic under certain conditions.

He also points out that it's not difficult to design an IC that will satisfy the
requirements of a specific application and that can be manufactured with reasonable
yvield. The real trick, he says, is to design an IC which can be used in hundreds of
different applications without complaints from the users.

Examples of IC assets that may not show up on the data sheet, cited by widlar,
include continuous short-circuit protection, capability not to latch up or perform
erratically when the inputs are driven outside their operating range, ease in
detérmining correct compensation and reliability.

1.6 RULE 6: CHECK THE PRODUCT's HISTORY

A lot of people think that IC manufacturers leave reliability information off their
data sheets for these two reasons: IC reliability doesn't vary much from manufacturer
to manufacturer and customers won't put much stock in the IC makers' figures. Actually
the real reason for the absence of this information on the spec sheet is rather
simple: the IC makers just don't have it when they publish the spec sheet.

Spec sheets are prepared just before ICs are announced and there's insufficient time
to run lifetest programs. Even after new ICs come out, the IC manufacturers are
constantly modifying their masks and processing procedures to improve yields or
performance.

For example the manufacturer may reduce the size of an individual die to increase
the number of die per wafer. Conversely, he may find that there is some interaction

~
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between active elements because the transistor locations on the chip are too close
to each other. Possibly he may want to reduce the length of extra long metal inter-
connection patterns. _

So how do you judge the reliability of competitive ICs? Some engiheers believe that
there is a relationship between noise and reliability. This has been disputed, however,
and discounted by several top semiconductor-device éuthorities, including National Semi-
conductor's Bob Widlar.

There's a good possibility that you won't have enough time to run your own lifetests
and even if you do, the manufacturer may change the device six times during the course
of your test program. Instead you'll be better off if you check the product's history.
Find out if there are other applications similar to yours in which the same device has
been used with success. For that matter, see how successful the manufacturer has been
with products of this fype. Is this his first attempt at it or does he have a long
history of developing such devices?

Some designers refuse to use any ICs that aren't available from several sources.
While this policy will usually keep you out of trouble if your main source of supply
dries up, it has one drawback. It could be a year or two before you can take
advantage of advancements in the state-of-the-art (8).

If a new IC looks gdod and you decide to use it, you're gambling that either it's so
good other companies will add it to their lines or the original supplier can be depended
upon to continue supplying it. There's an American washing-machine manufacturer who
guarantees to make every part used in his products available for 35 years. You won't
get any such warrantees in the semiconductor business.

Some IC manufacturers will hold units in bonded stock for possible future purchase;
however a higher price per unit is usually paid as a premium. Depending on the terms
of the contract, the customer may wind up paying for the whole inventory even if he
doesn't use it (8).

1.7 RULE 7: SEE IF THE IC LENﬁS ITSELF TO MASS PRODUCTION

But if that new IC really looks good and it can put you one step ahead of your
competition, then see if the circuit lends itself to mass production. This isn't easy
to determine, but if the circuit is very complex, the chip is large and the vendor has
had delivery ‘problems in the past, you may have reason to be nervous.

You might keep in mind that the more complex the chip, the greater the cost, and,
quite possibly, the lower the yield. This doesn't mean that you should shy away from
complex chips; but if the chip's crammed with a wide variety of tight—toleranbé,
difficult-to-make componénts, look out.

1.8 RULE 8: CONSIDER THE PROBABILITY OF WIDE ACCEPTANCE OF THE IC

At this point of your evaluation, you could also consider the probability of wide
acceptance of the IC. If the volume won't be significant, qbviously the cost isn't
going to drop measurably in the future. However, if the IC's versatile, the chances of
its being second-sourced are much improved.

The prices of newly announced ICs are based primarily on developmental costs,
anticipated yield and projected sales volume. But even the best guesswork'by an IC
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manufacturer can't accurately determine what his competition is going to do. If a
number of his competitors jump in, the. price will go down.

It's wise to keep in mind that if a new IC appears to have characteristics that could
limit its appeal (such as inconvenient supply requirements or elaborate compensation-
network requirements), it could be a poor choice even though it meets the application's
needs.

1.9 RULE 9: CHECK FOR APPLICABLE LITERATURE

One factor, sometimes overlooked, is evaluating your own capability to work with a
product. First of all, is your knowledge of the product adequate for you to design it
into your application? 1In this area, it's important to check for availability of
application literature published by the IC manufacturer. This will not only help you
engineer the product into your circuit, it'll also give you a good indication of how
much the IC maker knows about the use of his own product.

The publishing of applications literature on linear ICs, fortunately, has been
extensive. However, because of the rapid progress of the IC industry, some of the
material that has been published suggests design solutions that are no longer
economically feasible. Care should be exercised in using older linear IC literature
as design criteria.

'1.10 RULE 10: EVALUATE THE TESTING ASPECTS

Finally, if you can understand and design with the IC, can the rest of your company
handle it? Will special assembly rigs have to be built to accommodate the package?
Undoubtedly you'll have to evaluate the testing aspects. With IC manufacturers going
to more and more complex chips,. incoming inspection and testing are becoming more
involved.

Questions which arise concerning inspection are: is the plant facilitated to thorough-
ly check out the devices? Can existing test equipment be modified and used or must
new equipment be obtained? The IC user will have to test the devices when they arrive
and he'll also have to determiné how they'll be tested in completed systems by field
maintenance personnel (9).

Every application has its own unique problems, but, regardless of the specific
problems being encountered, the ten general rules mentioned in this chapter shouldn't
be overlooked. By applying them, deciding which op-amp IC to use should become an
easier chore.
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Interpreting
Operational-Amplifier
Specifications

by Ray Stata

Analog Devices
Operational amplifiers are complicated. They have many specifications, and most are

6nly approximations of what's happening in the black box. Most parameters like voltage
drift, current drift and open-loop gain are nonlinear functions of temperature; others,
like common-mode rejection and common-mode impedance, are nonlinear functions of input
voltage. And almost all parameters depend on supply voltages. Therefore, when you

use a single number to specify a parameter, you must qualify the conditions of the
measurements. Comprehensive graphs would be necessary to define performance completely.

Confronted with 50 more-or-less mysterious numbers, most engineers tend to select an
op amp in terms of familiar values and to forget about the rest. An engineer who wants
to replace a sensitive relay with a low-cost amplifier might simply concern himself
with the output-current rating and neglect such factors as drift or gain.

2.1 THE LACK OF STANDARDS

Then there's the lack of standards for op-amp specs. Though various efforts have
been made to unify terms throughout industry, this has not yet been done, so manufagt-
urers have loopholes for specsmanship.

Along with real, honest-to-goodness specsmanship, we find the inadvertent errors of
omission. The holes in the spec, or usually, the lack of additional information, is not
revealed until the engineer has assembled umpteen amplifiers into his product and the
whole batch is waiting to be shipped.

In one case, a customer purchased a diff amp with a 5 uV/OC drift spec. The data
sheet said that this number meant maximum voltage drift. What the sheet neglected to
say was that the specs held only for steady-state temperature conditions. What hap-
pened during thermal transients was another kettle of fish that no numbers covered.

Though we were able to show that this point had been covered in an early application
note, we certainly hadn't referred to it in spec sheets for any amplifiers. Actually
we didn't know how to specify this mode of operation quantitatively. And some
competitors had omitted the point.

Now, let's take a closer look at some of the major specifications and see how these
problems comé up.

2.2 VOLTAGE DRIFT

It can help to go back to first principles. We all know that a transistor's base-
emitter voltage varies at roughly 2400 microvolts for evefy degree C change. This
variation develops an output, or offset, exactly as if a true input of equal magnitude
were driving the transistor. The use of differential pairs enables the net voltage
offset to be drastically reduced because both transistors can be matched so their
offsets track within a few microvolts over the temperature range. This is how the
amplifier comes to have a drift spec of 5 uV/OC instead of 2400 uV/oc; the transistors
track within 5 uV for every 2400.uV of base-emitter drift, that is, for every 1°%c rise.
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But there's a flaw here. What happens if the base-emitter junctions are not at the
same temperature? The spec states a figure for maximum drift, but this is really a
tracking spec for base-emitter junctions at the same temperature.

2.3 THERMAL CONSIDERATIONS

Obviously, thermal gradients caused by adjacent heat-dissipating components can make
nonsense of such specifications by making one junction hotter than the other. It only
takes 0.1°c differential between the two junctions to develop 2400/10 = 240 microvolts
offset. To say the least, this is a substantial offset for an op amp with a 5 uv/°c
max drift spec.

In fact, offsets are caused not only by such obvious temperature-gradient sources as
adjacent heat-dissipating elements and room-air drafts, but also by changes in the
amplifier's own load current. Altering the output current from 2 mA to 20 mA produces
an internal temperature transient that develops an offset due to unequal heating of
the input transistor pair until temperature equilibrium is re-established. And when
the amplifier has settled to its new output level, the input signal will invariably
set the load current back to 2 mA, starting the problem all over again.

Offsets due to warmup and changes in opefating conditions can be particularly
annoying when an instrument or system is being adjusted. It takes only finger heat on
one side of a differential amplifier to produce a distinctly-measurable offset error.
How does one put performance specifications on such nebulous factors?

One way to sidestep the temperature-gradient error is to avoid the differential
amplifier. A chopper-stabilized amplifier corrects automatically for transient offsets
of this kind. 1Its error-sensing circuit is independent of mismatches between the
transistors. But sometimes the chopper unit won't win. Apart from being twice as big
and costly as a differential amplifier, the chopper-stabilized unit has only a single
input terminal. (The other terminal is "used up" in the stabilizing circuit.) A
single-ended amplifier can't easily be used in noninverting or differential circuits.
So what you Qain on the roundabouts breaks the rope on the swings.

Fortunately, some diff amps are inherently less susceptible to temperature gradients.
Singlé-chip dual-transistor front-end circuits cut down thermal inertia and reduce
physical spacing between base-emitter junctions of each differential pair. Monolithic
IC op amps are generally good on this score because of the small spacing between
junctions. v

Consequently, temperature transients never pull the two junctions more than a few
hundredths of a degree apart. Such amplifiers offer a meaningful steady-state maximum
voltage drift of about 1 u/Voc, with a short-lived and worst-case offset of about 75
microvolts for 40°C thermal shock.

While an amplifier with a dual input transistor exhibits a considerable improvement
in offset stability, there is no way to discern this fact in comparing the-usual
published offset-drift specifications. A user can get some idea of comparative
thermal-gradient performance by making thermal shock tests, like dropping the amplifier
in an oil bath 40°C above ambient. He'll get a response like the one shown in Figure
2.1.
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Okay, so we've raised one straw man and then beaten it down. But aren't there other
problems that only specsmanship has solved thus far?
2.4 ZEROING CAN HIDE SECOND-ORDER DEFECTS

What happens when you adjust an amplifier's offset potentiometer to zero its output
at the selected working temperature? Not surprisingly, there's more to the process
than meets the eye. And it's not always easy to tie up the sources of error in neat,
crisp numbers.

The offset pot is frequently a variable resistor in series with a collector load
resistor. The amplifier's output is zeroed by altering collector current to change
voltage balance between the two front-end transistors.

So whag? Well, it turns out that there's a second-order effect that causes
interaction between the actual value of collector current and the rate at which the
transistor's base-emitter voltage drifts with temperature. Adjust collector current
in one transistor of a matched differential pair and it no longer tracks the other as
temperature varies. True, the adjustment modifies the base-emitter drift by only
0.7}uV/OC‘for each 250 uV change in emitter-base voltage or initial offset voltage.

But such differences can swamp the carefully-designed tracking specs of today's
state-of-the-art differential amplifiers. For example, some chopperless differential
amplifiers have better than 1 uV/Co maximum voltage drift. To zero an initial offset’
voltage of 1 mV with the internal balance pot in one of these amplifiers would
introduce a change in temperature drift of 2.8 uV/OC. And that really screws up the
works.

Some manufacturers neglect to point out the second-order effects caused by trimmer
adjustments, but as op amp specs improve these effects can no longer be ignored. One
must really know the condition of the balance resistor to specify voltage drift
uniquely. We get around this by eliminating provisions for an internal offset trim
on low-drift amplifiers and by recommending external offset biasing circuits.

2.5 AVERAGE DRIFT N

Average drift is a trap. Remember the man who drowned while wading through a stream
with an average depth of only four feet? Neither voltage drift nor current drift are
linear functions of ambient temperature. Accordingly, the numbers publishéd for:
voltage drift and bias-current drift can refer only to average values, or to values
at specific operating conditions. For example, an amplifier's total change in voltage
offset for a temperature excursion from -25 to +85°¢ might be 2200 microvolts (referred
to the input). The average drift rate over this interval worké out to 2200/110o or
ZOVQV/OQ. But when you look at the actual drift curve you see that the ‘drift rate at
the extremes of temperature can exceed the specified average drift rate by a substantial
amount (see Figure 2.2).

You have a special problem when the drift curve changes slope - a real live
possibility. Here the average slope calculated by subtracting end points is entirely
meaningless. Nonetheless, some manufacturers have taken advantage of this golden
opportunity for specsmanship (see Figure 2.3).
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Perhaps trickier to interpret than the voltage-drift figures are the nonlinear errors
caused by exponential variation of bias currents in FET and varactor-bridge amplifiers.
Usually, the bias current at a given temperature is specified, and the spec reader is
.reminded that the bias current doubles for approximately 10°% temperature rise as
illustrated in Figure 2.4.

If a value of bias-current drift is given, it is usually-quoted at room temperature,
~ where the slope of the bias current versus temperature curve (i.e., drift) is
shallowest. But at 85°C, the bias current and drift slope will be 64 times worse than
at room temperature, making the FET amplifier a worse choice for high-temperature
applications than some bipolar transistor types. This is not really a question of
specsmanship, but it certainly requires that the user know his way around a spec sheet.
2.6 OUTPUT

An amplifier output rating of to volts, *20 milliamps implies that the user can drive
a 500-ohmload at the full signal swing of 10 volts, 20 milliamps. For discrete-
component op amps this.is usually what such specs mean. But some integrated circuit
manufacturers have a different interpretation. "Sure you can get 10 volts output;
.certainly it will develop 20 milliamps," they say, but they often forget to add, "so
long as you don't ask for them simultaneously.” 1In fact, it is not unusual for an
IC amplifier labeled as having a 10 v, s ma output to have a maximum power/rating of
only a fraction of the product of the VI figures given. '

If an engineer needs an op amp with a relatively high output, he generally wants to
know what gain he's getting at that current level. If 20 mA is the amplifier's full-
load rating, it would be nice and simple if the manufacturer stated the amplifier's
open-loop dc gain at this full loéé. Not all manufacturers do.

The op-amp user should know his amplifier's roll-off curve in order to build a
circuit with adequate gain stability over the working frequency range. The manufacturer
may be perfectly justfied in departing from the conventional 6 dB/octéve frequency
compensation to achieve desirable features like fast settling time, high slew rate,
fast overload recovery, or increased gain stability over a wide range of frequencies.

But to obtain these improved features generally requires fast roll-off characteristics
and therefore a propensity toward oscillation. Key to preventing instability, of
course, is knowing that you have this kind of amplifier. You can then use one or more
well known circuit techniques to tame the oscillations.

The great crime occurs when manufacturers use fast roll-off compensation to obtain
improved published specs without giving an‘open-loop response curve or some other
indication of what's going on. ' ‘

2.7 COMMON-MODE SPECIFICATIONS

To many users the common-mode rejection ratio of an amplifier is a rather mysterious
number that they'd like to forget. Many op-amp manufacturers feel the same way. In
fact, if a particular amplifier has a poor common-mode spec, some manufacturers
thoughtfully omit it from the data sheet.

Low-cost FET amplifiers are the worst culprits, with typical common-mode rejection
}atios around 1000. This is exactly the kind of number that manufacturers would like
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to lose. They often do. For a noninverting amplifier circuit, the common-mode error
is 1/CMRR, which works out to 0.1% for an amplifier with CMRR of 1000, or 60 dB.
Recently, new circuit tricks have enabled manufacturers to overcome this fundamental
limitation of low CMRR, but a FET amplifier with 100,000 CMRR tends to cost more than
$100.

Picking a typical CMRR spec from measured op-amp data is great sport. The numbers
vary over an enormous range -- from 500:1 to as high as 100,000 for FETs -- all
seemingly at random. A reasonable way for a manufacturer to select a typical common-
mode figure for his data sheet is to pick a value that is met by 70 or 80% of all units
of that particular type. Some manufacturers, with considerable ingenuity, average all
the test numbers to find a "typical" value. Tweaking up a few samples to get 100,000
CMRR can do great things for averages of this kind and can, of course, lead to very
respectable~looking common-mode rejection figures.

As with drift, an amplifier's common-mode-rejection performance can vary with
operating conditions, notably with the value of common-mode input voltage as we can
see in Figure 2.5. This leaves room for some really fancy footwork For example,
some well known FET types boast a common-mode voltage range of £10 volts. But the
common-mode rejection figures are specified for a *5_v common-mode range. It's
possible for the CMRR to degrade by as much as a factor of ten when the applied
common-mode voltage is raised from 5 to 10 volts (see Figure 2.5).

Another difficulty with CMRR is that, since it's a nonlinear function of input
common-mode voltage, a single spec number can at best give an average value over the
test-voltage range. For small input-signal variation about some large common-mode
voltage, the specified "average" CMRR gives little indication of the actual errors you -
can expect due to the steeper error slope at high voltages.

2.8 FULL-POWER RESPONSE

'~ We all know that an amplifier rated at, say, 1l0-MHz unity-gain bandwidth, doesn't
give full output-voltage swing at this frequency. Invariably, distortion caused by'
internal slew-rate limiting induces the manufacturer to specify the maximum full-
power frequency several decades lower.

Generally, an amplifier with 10-MHz unlty—galn bandwidth would have a full—power
response of about 1 MHz or maybe as low as 100 kHz. At the "small signal" unity-gain
bandwidth, the achievable output-voltage swing is usually related to the swing at the
full-power bandwidth by the ratio of the full-power response, fp,_to the unity-gain
bandwidth, ft‘ Thus, for example, you get only a 100-mV swing from a 10-V amplifier at
unity-gain bandwidth for an amplifier with an fp of 100 kHz and an ftof 10 MHz.

One large problem with full-power-response specs is that no one really says what he
means by the published minimum number. For one thing full-power response has nothing
to do with amplitude vs frequency as the term "response" normally implies. Instead it
is a measure of output distortion caused by slew-rate limiting.

But there can be monstrous difference depending on whether you set 1% or 10% as the
acceptable distortion level. We have evaluated some.amplifiers where the output looks
a triangle at the specified full-power response. Where do you draw the line on the
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acceptable distortion level? . :

Distortion is only one consideration in setting the criteria for the full-power-
response spec. A subtle, but very often more important side effect, is dc offset error
due to rectification. Feedback signals developed by an unsymmetrical, distorted
output, will not counter-balance the input signal at the amplifier's summing junction.
So, the error signal is rectified by the amplifier's input stage, generating an
undesirable offset voltage.

But how can such application factors be reasonably prevented? Should each data
sheet be turned into a thesis, or may the manufacturer assume that his customers are
already aware of the difficulties awaiting them? There is no easy answer for either
the manufacturer or the customer.

Slewing rate for the most part is just another way of looking at rate limiting of
the amplifier's circuitry; The slewing-rate specification applies to transient
response while full-power response applies to steady state or continuous response.

For a step-function input, slewing rate tells how fast the output voltage can swing
from one voltage level to another. Fast amplifiers will slew at up to 300 V/us, while
amplifiers designed primarily for dc applications often slew at 0.1 V/us or less.

Maximum slew rate, S, is related to full-power response fp by '

S=2 pr (2.1)

As the voltage swing is reduced below the peak output, Eg. the operating frequency
can be proportionately increased beyond f_without exceeding the slewing rate. For
many amplifiers the slewing rate may differ in the inverting and noninverting
configurations -- a fact that is not always apparent from published specs. Moreover,
there is almost always a difference in slewing rate between fall time and rise
time, and between positive and negative output signals. Opportunities for specs-
manship arise here since many possible slopes can be measured.

A recurrent complaint by customers is that an amplifier does not meet its slewing-
rate spec. Closer inquiry typically shows that the customer is trying to obtain
100 V/us slew rate with a circuit like the one in Figure 2.6.

The problem here is that the inevitable 1 pF of stray capacitance must be charged
by the 10-uA signal current. This limits theoutput slew rate to 10 V/us regardless
of how fast the op amp may be. With an input impedance of 10 KQ or less, the customer
would obtain the desired 100 V/us slewing rate. In other words, you cannot get fast
response from an inverting amplifier when using high input impedance owing to the '
slugging effect of stray capacitance.

2.9 SETTLING TIME

Settling time is a parameter of increasing interest. This spec defines the time
required for the output to settle within a given percentage of final value in response
to a step-function input. Common accuracies of interest:are settling time to 0.1%
and 0.01%. Heretofore, engineers have been forced to use slewing rate and unity-gain
bandwidth as rough indicators of relative settling-time performance when comparing or
choosing amplifiers, since no other data are given. As it turns out, these two specs
have little bearing on settling time, particularly to 0.01%.

Manufacturers now realize this and are beginning to publish settling-time figures.
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The hooker here is that settling time is really a closed-loop parameter (while all
other op-amp specs are open-loop parameters), and therefore depends on the closed-loop
configuration and gain. Fortunately, even when published for only one gain, usually
unity gain, it serves as a realistic yardstick for comparing amplifier performance.
The few examples I've shown illustrate the tremendous difficulties in specifying
op-amp performance and the many pitfalls confronting the user. ' In the long run the
user and manufacturer are on the same side in seeking unambiguous communications.
There's one further point that can be most important of all. An engineer should
breadboard his critical circuits instead of relying totally on paper designs.
FIGURES
Figure 2.1. ngset voltagg characteristic after subjecting amplifier to oil bath at a
temperature 40°C above ambient.

Figure 2.2. Curves illustrating that average drift values can conceal the presence of
larger actual drift values.

Figure 2.3. Curve illustrating that average slope calculated by subtracting end points
can be meaningless. :

Figure 2.4. Bias current as a function of temperature.

Figure 2.5. CMRR is a nonlinear function; a single spec number at best gives only an
average value over the test-voltage range.

Figure 2.6. 1In the circuit shown regardless of the op amp's speed, the slew rate is
limited by the 1 pF of stray capacitance. As a result, the slew rate is limited to
10 V/us.
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3

Applications for
Operational Amplifiers
By William Routh

National Semiconductor
The usefulness of the operational amplifier is derived from the fact that it can be

used in a feedback loop whose feedback properties determine the feed-forward character-
istics of the amplifier and the loop combination. To suit it for this use, the ideal
operational amplifier would have infinite input impedance, zero output impedance,
infinite gain and an open-loop 3-db down point at infinite frequency rolling off at

6 db per octave. Unfortunately, the cost, in quantity, of such-an amplifier would
also be infinite. )

Intensive development of the operational amplifier, particularly in integrated form,
has resulted in circuits which are quite good approximations of the ideal for finite
cost. Quantity prices for the best contemporary integrated amplifiers are low
compared with transistor prices of five years ago. The low cost and high performance
provided by these amplifiers permits their being designed into equipment and systems
functions impractical with discrete components. An example is a low-frequency function
generator which may use 15 to 20 operational amplifiers in generation, wave shaping,
triggering and phase-locking.

The availability of the low-cost integrated operational amplifier makes it mandatory
that systems and equipment engineers be familiar with operational-amplifier theory
(1-4) . This chapter will present amplifier applications ranging from a simple unity-
gain buffer to relatively complex generator and wave-shaping circuits, all taking
advantage of the operational amplifier's characteristics.

The discussion is shaded toward the practical; amplifier parameters will be discussed
as they affect circuit performance, and application restrictions will be outlined.

The applications to be covered are arranged in order of increasing complexity in five
categories: simple amplifiers, operational circuits, transducer amplifiers, wave
shapers and generators, and power supplies. The integrated amplifiers shown in the
circuit diagrams are for the most parf internally compensated so frequency stabilization
components are not used; however, as the discussion will show, other amplifiers may be
used with stabilization components in many of these circuits to achieve greater
operating speeds.

3.1 THE INVERTING AMPLIFIER

The basic operational-amplifier circuit is shown in Figure 3.1. This circuit, as
the name implies, inverts. It offers a closed-loop gain of R2/R1 provided that this
ratio is small compared with the amplifier open-loop gain. The input impedance is
equal to Rl; the closed-loop bandwidth is equal to the unity-gain frequency divided by
one plus the closed-loop gain.

The only precautions to keep in mind when using this circuit are 1) that R, should
be chosen to be equal to the parallel combination of Ry and R, (to minimize the
offset-voltage error due to bias current), and 2) there will be an offset voltage at
the amplifier output equal to the closed-loop gain times the offset voltage at the
amplifier input.
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Offset voltage at the input of an operational amplifier is comprised of two
components, these components are identified in specifying the amplifier as input
offset voltage and input offset current. The input offset voltage is fixed for a
particular amplifier, however the contribution due to input offset current is dependent
on the circuit configuration used. For minimum offset voltage at the amplifier input
without circuit adjustment the source resistance for both inputs should be equal. 1In
this case the maximum offset voltage would be the algebraic sum of the amplifier
offset voltage and the voltage drop across the source resistance due to offset current.
Amplifier offset voltage is the predominant error term for low-source resistances and
offset current produces the main error for high-source resistances.

In high-source resistance applications, offset voltage at the amplifier output may

be set by adjusting the value of R, and using the variation in voltage drop across it

as an input-offset-voltage trim. 3

Offset voltage at the amplifier output is not as important in ac coupled applications.
Here the only consideration is that any offset voltage at the output reduces the peak-
to-peak linear output swing of the amplifier.

The gain-frequency characteristic of the amplifier and its feedback network can
team up to cause oscillation. To avoid this condition, the phase shift through the
amplifier and feedback network must never exceed 180° for any frequency where the gain
of the amplifier and its feedback network is greater than unity. In practical
applications, the phase shift should not approach 180° since this is a situation of
conditional stability. Obviously the most critical case occurs when the attenuation
of the feedback network is zero.

Amplifiers which are not internally compensated may be used to achieve increased
performance in circuits where feedback network attenuation is high. As an example,
the IM10l1 may be operated at unity gain in the inverting amplifier circuit with a
15-pF compensating capacitor sincé the feedback network has an attenuation of 6 dB;
this IC however requires 30 pF in the non-inverting unity-gain connection where the
feedback network has zero attenuation. Since amplifier slew rate is dependent on
compensation, the IM10l (op-amp IC) slew rate in the inverting unity gain connection
will be twice that for the non-inverting connection and the inverting-gain-of-ten
connection will yield ten times the slew rate of the non-inverting, unity-gain
connection. The compensation trade-off for a particular connection is stability
versus bandwidth; larger values of compensation capacitor yield greater stability and
lower bandwidth and vice versa.

The preceding discussion of offset voltage, bias current and stability applies to
most amplifier applications and will be referenced in later sections. A detailed
t;eatment has been given by Paynter (4).

3.2 THE NON-INVERTING AMPLIFIER

A high input impedance non-inverting circuit is shown in Figure 3.2. This circuit
gives a closed-loop gain equal to the ratio of the sum of R; and R, to R; and a
closed-loop 3-dB bandwidth equal to the amplifier unity-gain frequency divided by the
closed-loop gain.
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The primary differences between this circuit arrangement and the inverting circuit
are 1) the output is not inverted and 2) the input impedance is very high and is
equal to the differential input impedance multiplied by loop gain. (Open-loop gain/
Closed-loop gain.) In dc coupled applications, input impedance is not as important as
the input current and the voltage drop across the source resistance.

Application cautions are the same for this amplifier as for the inverting amplifier
with one exception. The amplifier output will go into saturation if the input is
allowed to float. This may be important if the amplifier must be switched from source
to source. The compensation trade off discussed for the inverting amplifier is also
valid for this connection.

3.3 THE UNITY-GAIN BUFFER

The unity-gain buffer is shown in Figure 3.3. The circuit gives the highest input
impedance of any operational-amplifier circuit. Input impedance is equal to the
differential input impedance multiplied by the open-loop gain, in parallel with
common-mode input impedance. The gain error of this circuit is equal to the reciprocal
of the amplifier open-loop gain or to the common-mode rejection, whichever is less.

Input impedance is a misleading concept in a dc coupled unity-gain buffer. Bias
current for the amplifier will be supplied by the sburce resistance and will cause an
error at the amplifier input due to its voltage drop across the source resistance. '
Since this is the case; a low-bias-current amplifier such as the LH102 (6) should be
chosen as a unity-gain buffer when working from high source resistances. Bias current
compensation techniques have been covered by Widlar (5).

Three important considerations in the use of this circuit are 1) the amplifier
must be compensated for unity gain operation, 2) the output swing of the amplifier
may be limited by the amplifier common-mode range, and 3) some amplifiers exhibit a
latch-up mode when the amplifier common-mode range is exceeded. The LH10l if used in
this circuit eliminates these problems; for faster operation, the LM102 may be chosen.
3.4 SUMMING AMPLIFIER '

The summing amplifier, a special case of the inverting amplifier, is shown in
Figure 3.4. The circuit gives an inverted output which is equal to the weighted
algebraic sum of all three inputs. The gain of this circuit for any inpuE is equal to
the ratio of the appropriate input resistor to the feedback resistor, R,. Amplifier
bandwidth may be calculated as in the inverting amplifier shown in Figure 3.1 by
assuming the input resistor to be the parallel combination of‘Rl, R2' and R3. App}i-
cation cautions are the same as for the inverting amplifier. If an unqompensated
amplifier is used, compensation is calculated on the basis of bandwidth as is
discussed in the section describing the simple inverting amplifier.

The advantage provided by this circuit is that no interaction occurs between inputs,
operations such as summing and weighted averaging are implemented very easily.

3.5 THE DIFFERENCE AMPLIFIER

The difference amplifier is the complement of the summing dmplifier; it allows the
subtraction of two voltages or, as a special case, the cancellation of a signal
common to the two inputs. This circuit is shown in Figure 3.5 and is useful as a
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computational amplifier, in making a differential to single-ended conversion or in
rejecting a common-mode signal.

Circuit bandwidth may be calculated in the same manner as for the inverting amplifier,
but input impedance is somewhat more complicated. Input impedance for the two inpﬁts
is not necessarily equal; inverting input impedance is the same as for the inverting

amplifier of Figure 3.1 and the noninverting input impedance is the 'sum of R, and R,.

3 4
Gain for either input is the ratio of R,y to R, for the special case of a differential
input single-ended output where Rl = R3 and R2 = R4. The general expression for gain

is given in the figure. Compensation should be chosen on the. basis of amplifier
bandwidth. ‘

Care must be exercised in applying this circuit since input impedances are not equal
for minimum bias current error.
3.6 DIFFERENTIATOR

The differentiator is shown in Figure 3.6 and, as the name implies, is used to
perform the mathematical operatioh of differentiation. The form shown is not the
practical form, it is a true differentiator and is extremely susceptible to high-
frequency noise since ac gain increases at the rate of 6 dB per octave. 1In addition,
the feedback network of the differentiator, R2C1' is an RC low-pass filter which
contributes 90° phase shift to the loop and may cause stability problems even with an
amplifier which is compensated for unity gain.

A practical differentiator is shown in Figure 3.7. Here both the stability and noise

problems are corrected by the addition of two components, R1 and C Rz,and C., form

a 6 dB per octave high-frequency roll-off in the feedback network ind R,Cy fori a

6 dB per octave roll-off network in the input network for a total high-frequency roll-
off of 12 dB per octave to reduce the effect of high-frequency input and amplifier
noise. 1In addition Rlcl and R2C2 form lead networks in the feedback loop which, if
placed below the amplifier unity gain frequency, provide 90° phase lead to compensate
the 90° phase lag of chl
shown in Figure 3.8 for clarity.
3.7 INTEGRATOR

An integrator is shown in Figure 3.9. This circuit performs the mathematical

and prevent loop instability. A gain-frequency plot is

operation of integration. It is essentially a low-pass filter with a frequency response
decreasing at 6 dB per octave. An amplitude-frequency plot for the circuit is sﬁbwn
in Figure 3.10.

The circuit must be provided with an external method of establishing initial
conditions as shown in the figure by Sy- When Sy is in pusition 1, the amplifier is

connected for unity-gain and capacitor C, is discharged, setting an initial condition

1

of zero volts. When Sl is in position 2, the amplifier is connected as an integrator

and its output will change in accordance with a constant multiplied by the time
integral of the input voltage.
Precautions to be observed with this circuit are: the amplifier used must in all

cases be stabilized for unity-gain operation and R, must equal Ry for minimum error

2
due to bias current.
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3.8 SIMPLE LOW-PASS FILTER

A simple low-pass filter is shown in Figure 3.11. This circuit has a 6 dB per octave
roll-off after reaching a closed-loop 3-dB point defined by fc. Gain below this
corner frequency is defined by the ratio of R, to R,- The circuit may be considered
as an ac integrator at frequencies well above fc; however, the time domain response
is that of a single RC rather than an integral.

The value of R, should be chosen so that it is equal to the parallel combination of
R, and R, thus minimizing errors due to bias current. Either the amplifier should be
compensated for unity-gain or an internally compensated amplifier should be used.

A gain-frequency plot of the circuit response is shown in Figure 3.12 to illustrate
the difference between this circuit and the true integrator.

3.9 THE CURRENT-TO-VOLTAGE CONVERTER

Current may be measured in two ways with an operational amplifier. The current may
be converted into a voltage using a resistor and then amplified or the current may be
injected directly into a summing node. Converting into voltage is undesirable for
two reasons: first, an impedance is inserted into the measuring line causing an error;
second, amplifier offset voltage is also amplified with a subsequent loss of accuracy.
The use of a current-to-voltage transducer avoids both.of these problems.

The current-to-voltage transducer is shown in Figure 3.13. The input current is fed
directly into the summing node and the amplifier output voltage changes to extract the
1 The scale factor of this circuit is R,
volts per ampere. The only conversion error in this circuit is I, which is summed

same current from the summing node through R

ias
algebraically with IIN'

This basic circuit is useful for many applications other than current measurement.
For example, it can be employed as a photocell amplifier.

The only design constraints that come into play are that scale factors must be
chosen to minimize errors due to bias current, and since voltage gain and source impe-
dance are often indeterminate (as with photocells) the amplifier must be compénsated
for unity-gain operation. Valuable techniques for bias current compensation have
been covered by Widlar (5).

3.10 PHOTOCELL AMPLIFIERS

Amplifiers for photoconductive, photodiode and photovoltaic cells are shown in
Figures 3.14, 3.15, and 3.16 respectively.

The voltages of all photogenerators have some dependence on both speed and linearity.
It is obvious that the current through a photoconductive cell will not disPlay strict
proportionality to incident light if the cell terminal voltage is allowed to vary with
cell conductance. Somewhat less obvious is the fact that photodiode leakage and
photovoltaic cell internal losses are also functions of terminal voltage. The
current-to-voltage converter neatly sidesteps gross linearity problems by fixing a
constant terminal voltage, zero in the case of photovoltaic cells and a fixed bias
voltage in the case of photoconductors or photodiodes.

Photodetector speed is optimized by operating into a fixed low load impedance.
Currently available photovoltaic detectors show response times in the microsecond
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range at zero load impedance and photoconductors, these speeds are slow but faster
speeds can be obtained at low load resistances.

The feedback resistance, Rl’ is dependent on cell sensitivity and should be chosen -
for either maximum dynamic range or for a desired scale factor. R, is elective: in
the case of photovoltaic cells or of photodiodes, it should equal Ry: in the case of
photoconductive cells, it should be chosen to minimize bias current error over the
operating range.

3.11 PRECISION CURRENT SOURCE

A precision current source is shown in Figures 3.17 and 3.18. The configurations
depicted sink or source conventional current, respectively.

Caution must be exercised in applying these circuits. The voltage compliance of
the source extends from BV of the external transistor to approximately 1 V more

CER

negative than Vv The compliance of the current sink is the same in the positive

IN®
direction.
The impedance of these current generators is essentially infinite for small currents

and the generator outputs are accurate so long as V is much greater than V and

IN os

I0 is much greater than I

The source and sink illﬁgiiated in Figures 3.17 and 3.18 use a field-effect
transistor to drive a bipoiar output transistor. It is possible to use a Darlington
connection in place of the FET-bipolar combination in cases where the output current
is high and the base current of the Darlington input would not cause a significant
error.

The amplifiers used must be compensated for unity-gain and additional compensation
may be required depending on load reactance and external transistor parameters.

3.12 ADJUSTABLE VOLTAGE REFERENCES

Adjustable voltage reference circuits are shown in Figures 3.19 and 3.20. The two
circuits have different areas of application. The basic difference between the two
is that the circuit in Figure 3.19 illustrates a voltage source which provides a
voltage greater than the reference diode while the circuit in Figure 3.20 represents
a voltage source which provides a voltage lower than the reference diode. The
figures show both positive and negative voltage sources.

High-precision extended-temperature applications of the circuit in Figure 3.19

require that the range of adjustment of Vdﬁ& be restricted. When this is done, R

may be chosen to provide optimum zener current for a minimum zenér temperature

1

coefficient. Since I, is not a function of V+, the reference temperature coefficient
will be independent of v'.
The circuit of Figure 3.20 is suited for high-precision extended-temperature

service if vt is reasonably constant since IZ is dependent of vt. Rl' R and R,

R
2’ 73’
are chosen to provide the proper IZ for minimum T. C. and to mipimize errors due to
Tpias®

The circuits shown should both be compensated for unity-gain operation or, if large
capacitive loads are expected, should be overcompensated. Output noise may be

reduced in both circuits by bypassing the amplifier imput.
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The circuits shown employ a single power supply; this requires that common-mode
range be considered in choosing an amplifier for these applications. If the common-
mode range requireménts are in excess of the capability of the amplifier, two power
supplies may be used. The LH101l operational amplifier may be used with a single
power supply since the common-mode range is from v' to within approximately 2 volts
of V™. '

3.13 THE RESET STABILIZED AMPLIFIER

The reset stabilized amplifier, a form of chopper—stabiliied amplifier, is shown in
Figure 3.21. The amplifier is operated closed-loop with a gain of one.

The connection shown is useful in eliminating errors due to offset voltage and bias
current. The output of this circuit is a pulse whose amplitude is equal to VN
Operation may be understood by considering the two conditions corresponding to the
.position of Sl' When 8, is in position 2, the amplifier is connected in the unity-
gain connection and the voltage at the output will be equal to the sum of the input

offset voltage and the drop across R, due to input bias current. The voltage at the

2
inverting input will be equal to the input offset voltage. Capacitor Cy will charge
to the sum of the input offset voltage and VIN through R,. When c, is charged, no

current flows through the source resistance and R so there is no error due to the

ll
input resistance.

S1 is then changed to position 1. The voltage stored on Cqy is inserted between the
output and inverting input of the amplifier and the output of the amplifier changes

by VIN to maintain the amplifier input at the input offset voltage. The output then
changes from (Vo + I is switched from position

v S biast) to vIN + (VOS + Ibiast,) as Sl
2 to position 1. Amplifier bias current is supplied through R, from the output of
the amplifier when S, is in position 2 or from C, when 81 is in position 1. Resistor
R3 serves to reduce the offset at the amplifier output if the amplifier must have
maximum linear range or if it is desiredito dc couple the amplifier.
An additional advantage provided by this connection is that the input resistance

approaches infinity as the capacitor C, approaches full charge, eliminating errors

due to loading of the source resistancé. The time spent in position 2 should be
sufficiently long with respect to the changing time of C,y to permit maximum accuracy.

The amplifier used must be compensated for unity-gain operation and it may be
necessary to overcompensate because of the phase shift across R, due to ¢, and the
amplifier input capacity. Since this connection is usually used at'very low switching
speeds, slew rate is not normally a practical consideration and overcompensation does
not reduce accuracy.
3.14 ANALOG MULTIPLIER

A simple analog multiplier is shown in Figure 3.22. This circuit circumvents many
of the problems associated with the log-antilog circuit and provides three-quadrant
analog multiplication which is relatively temperature insensitive and which is not
subject to the bias-current errors which plague most multipliers.

The circuit operation may be understood by considering A, as a controlled-gain
amplifier, amplifying V2, with the gain dependent on the ratio of the resistance of
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P02 to R5 and by considering A, as a control amplifier which establishes the

resistance of PC, as a function of Vl. In this way it is seen that VOUT is a function
of both V1 and V2.
Al, the control amplifier, provides drive for the lamp, L. When an input voltage,

Vl' is present, L1 is driven by Al until the current to the summing junction from the

negative supply through PCy is equal to the current to the summing junction from v,
through Rl' Since the negative supply voltage is fixed, this forces the resistance
of PCy to a value proportional to Ry and to the ratio of v, to V. Iy also illumin-

ates PC, and, if the photoconductors are matched, causes PC, to have a resistance

equal to PCl.
A2, the controlled gain amplifier, acts as an inverting amplifier with a gain
which is equal to the ratio of the resistance of PC, to Rg. If Rg is chosen equal
to the product of R1 and V_, then VOUT becomes simply the product of V1 and V2.
Resistor R5 may be scaled in powers of ten to provide any required output scale
factor.
PCl and PC, should be matched for best tracking over temperature since the tempera-
ture coefficient of resistance is related to the resistance match of cells with the

same geometry. Small mismatches may be compensated by varying the value of R_ as a

scale-factor adjustment. The photoconductive cells should receive equal illuiination
from Lqs this can be accomplished by mounting the cells in holes in an aluminum block
and placing the lamp midway between them. This mounting method provides controlled
spacing and also provides a thermal bridge between the two cells to reduce differences
in cell temperature. This technique may be extended to use FETs or other devices
to meet special resistance or environment requirements.

The circuit as shown provides an inverting output whose magnitude is equal to one-
tenth the product of the two analog inputs. Input \21 is restricted to positive

values, but V_, may assume both positive and negative values. This circuit is

2
restricted to low-frequency operation by the lamp time constant.

Resistors R2 and R, are chosen to minimize errors due to input offset current as

4 .
previously mentioned for the photocell amplifier. Resistor R, is included to reduce

the in-rush current when L1 starts to turn on. ’
3.15 FULL-WAVE RECTIFIER AND AVERAGING FILTER

The circuit shown in Figure 3.23 is the heart of an average-reading, rms—calibratedv
ac voltmeter. As shown, the circuit is é rectifier and averaging filter. If c,
is deleted, the averaging function is removed and the circuit becomes a precision
fullwave rectifier; deletion of Cl provides an absolute value generator.

The circuit operation may be understood by following the signal path first for
negative, then for positive inputs. For negative signals, the output of amplifier
Al is clamped to +0.7 V by Dy and disconnected from the summing point of a, by D,.
A, then functions as a simple unity-gain inverter with input resistor, Ry, and
feedback resistor, Ry, giving a positive going output.

For positive inputs, A, operates as a normal amplifier connected to the a, summing
point through resistor, R

Amplifier AI then acts as a simple unity-gain inverter
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with input resistor, R3, and feedback resistor, Rg. The gain accuracy of Ay is not
affected by D2 since it is inside the feedback loop. Positive current enters the A,
summing point through resistor Ry and negative current is drawn from the A, summing
Since the voltages across R, and R. are equal and opposite,

1 5
the net input current at the A, summing point is

point through resistor Rg.
and R5 is one-half the value of Rl'
equal to and opposite from the current through Ry, and amplifier A2 operates as a

summing inverter with unity gain, again giving a ‘positive output.
The circuit becomes an averaging filter when C, is connected across R,.- Operation

2
of Az is then similar to the simple low-pass filter previously described. The time
constant R_,C, should be chosen so that it is much larger than the maximum period of
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the input voltage which is to be averaged.

Capacitor Cl may be deleted if the circuit is to be used as an absolute-value
generator. When this is done, the circuit output will be the positive absolute value
of the input voltage.

The amplifiers chosen must be compensated for unity-gain operation and R6 and R7
must be chosen to minimize output errors due to input offset current.

3.16 SINE-WAVE OSCILLATOR

An amplitude-stabilized sine-wave oscillator is shown in Figure 3.24. This circuit
provides high-purity sine-wave output down to low frequencies with minimum circuit
complexity. An important advantage of this circuit is that the traditional tungsten-
filament—-lamp amplitude regulator is eliminated along with its time constant and
linearity problems.

In addition, the reliability problems associated with a lamp are eliminated.

A Wien-Bridge oscillator takes advantage of the fact that the phase of the voltage
across the parallel branch of a series and a parallel RC network connected in series,
is the same as the phase of the applied voltage across the two networks at one
particular frequency and that the phase lags with increasing frequency and leads with
decreasing freduency. When this network--the Wien Bridge--is used as a positive
feedback element around an amplifier, oscillation occurs at the frequency at which
the phase shift is zero. Additional negative feedback is provided to set the loop
gain to unity at the oscillation frequency, to stabilize the frequency of oscillation,
and to reduce harmonic distortion.

The circuit presented here differs from the classic form only in its negative
feedback stabilization scheme in the circuit; negative peaks in excess of -8.25 V
cause Dl and D2Vto conduct, charging Cy- The charge stored in Cy provides bias to
Q. which determines the amplifier gain. C3 is a low frequency roll-off capacitor in
the feedbatk network and prevents offset voltage and offset current errors from being
multiplied by amplifier gain.

Distortion is determined by the amplifier open-loop gain and by the response time
of the negative feedback loop filter, Rg and Cy- A trade-off is necessary in deter-
mining amplitude stabilization time constant and oscillator distortion. Resistor
R, is chosen to adjust the negative feedback loop so that the FET is operated at a

4
small negative gate bias. The circuit shown provides optimum values for a general-
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purpose oscillator.
3.17 TRIANGLE-WAVE GENERATOR

A constant~amplitude triangular-wave generator is shown in Figure 3.25. This
circuit provides a variable-frequency triangular wave whose amplitude is independent
of frequency.

The generator contains an integrator which functions as a ramp generator and a
threshold detector with hysterisis which is the reset circuit. The integrator has
been described earlier in this chapter. The threshold detector is similar to a
Schmit Trigger in that it is a latch circuit with a large dead zone. This function
is implemented by using positive feedback around an operational amplifier. When the
amplifier output is in either the positive or negative saturated state, the positive
feedback network provides a voltage at the non-inverting input which is determined by
the attenuation of the feedback loop and the saturation voltage of the amplifier. To
cause the amplifier to change states, the voltage at the input of the amplifier must
change polarity by an amount larger than the amplifier input offset voltage.

When this occurs, the amplifier saturates in the opposite direction and remains in
that state until the voltage at its input again reverses. The complete operation of
the circuit may be grasped by examining its operation with the output of the threshold
detector in the positive state. The detector positive saturation voltage is applied

to the integrator summing junction through the combination R. and R4 causing a

current I to flow. The integrator then generates a negativg—going ramp with a rate
of I+/Cl volts per second until its output equals the negative trip point of the
threshold detector. The threshold detector then changes to the negative output state
and supplies a negative current, I, at the integrator summing point. The integrator
now generates a positive-going ramp with a rate of I"/Cl volts per second until its
output equals the positive trip point of the threshold detector where the detector
again changes output state and the cycle repeats.

The triangular-wave frequency is determined by Ry, R and C, and the positive and

4 1

negative saturation voltages of the amplifier A The amplitude is determined by the

ratio of R5 to the combination of R1 and R2

voltages. The positive and negative ramp rates are equal,and positive and negative

1°
and the threshold detector saturation

peaks are equal if the detector has equal positive and negative saturation voltages.
The output waveform may be offset with respect to ground if the inverting input of
the threshold detector, Ay is offset with respect to ground.

The generator may be made independent of temperature and supply voltage if the
detector is/blamped with matched zener diodes as shown in Figure 3.26.

The integfator should be compensated for unity-gain and the detector may be
compensated if power supply impedance causes oscillation during its transition time.

The current into the integrator should be large with respect to I for maximum

bias
symmetry, and offset voltage should be small with respect to VOUT peak.
3.18 TRAQ&ING REGULATED POWER SUPPLY

A tracking regulated power supply is shown in Figure 3.27. This supply is very

suitable for powering an operational amplifier system since positive and negative



voltage track, eliminating common-mode signals originating in the supply voltage. 1In
addition, only one voltage reference and a minimum number of passive components are
required.

The power supply's method of operation may be understood by first considering the
positive regulator. The positive regulator compares the voltage at the wiper of R

4
to the voltage reference D,. The difference between these two voltages is the input
voltage for the amplifier and since Ra. Ry, and Ry form a negative feedback loop, the

amplifier output voltage changes in such a way as to minimize this difference. The
voltage reference current is supplied from the amplifier output to increase the power
supply line regulation. This allows the regulator to operate from supplies with large
ripple voltages. Regulating the reference current in this way requires a separate '

source of current for supply start-up. Resistor R, and diode D1 provide the start-up

1
current. Diode D, decouples the reference string from the amplifier output during

start-up and R1 sépplies the start-up current from the unregulated positive supply.
After start-up, the low amplifier output impedance reduces reference current variations
due to the current through Rl.

The negative regulator is simply a unity-gain inverter with input resistor Rg and
feedback resistor R7.

The amplifiers must be compensated for unity-gain operation.

The power supply may be modulated by injecting current into the wiper of R4. In
this case, the output voltage variations will be equal and opposite at the positive

and negative outputs. The power supply voltage may be controlled by replacing D,, D

R1 and R2 with a variable voltage reference. ' ?
3.19 PROGRAMMABLE BENCH POWER SUPPLY

" The complete power supply shown in Figure 3.28 is a programmable positive and
negative power supply. The regulator section of the supply comprises two voltage
followers whose input is provided by the voltage drop across a reference resistor of
a precision current source.

Programming sensitivity of the positive and negative supply is 1 V per 1000 Q@ of
resistors R6 and R12, respectively. The output voltage of the positive requlator may
be varied from approximately +2 V to +38 V with respect to ground and the negative
regulator output voltage may be varied from -38 V to 0 V with respect to ground.
Since LH10l amplifiers are used, the supplies are inherently short-circuit proof.
This current limiting feature also serves to protect a test circuit if this supply is
used in integrated-circuit testing. ‘

Internally compensated amplifiers may be used in this application if the expected
capacitive loading is small. If large capacitive loads are expected, an externally
compensated amplifier should be used and the amplifier should be overcompensated for
additional stability. Power supply noise may be reduced by bypassing the amplifier
inputs to ground with capacitors in the 0.1 to 1.0 pF range.

3.20 CONCLUSIONS
The foregoing circuits are illustrative of the versatility of the integrated

operational amplifier and provide a guide to a number of useful applications. The pre-
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cautions mentioned cover the more common pitfalls encountered in amplifier use.
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FIGURES

Figure 3.1. 1Inverting Amplifier. Output voltage V is equal to —(R2/R1)Vin. For

ouT

3 = Ry//Ry. .

Figure 3.2. Non-inverting amplifier. Output voltage V is equal to [ﬁRl + R2) /

minimum error due to the input bias current, R

our

le VIN' For minimum error due to input bias current, Rl//R2 = RSOURCE'

is equal to V__. For minimum

Figure 3.3. Unity-gain buffer. Output voltage V N

error due to input bias current, R; = Reource

figure 3.4. Summing amplifier. Output voltage V

ouT

is equal to —R4[3V1/R1) + (V2/R2)

ouT
+ (v /R )J.
Figure 3.5. Difference Amplifier. Output voltage VOUT is equal to [‘R + R ) /
(R, + R)J[(R,/R)) v, |- (R,/R))V,. For'R, = R, and R, = R,, Vo = (R,/R)) (v2 V).

For minimum error due to 1nput blas current, Rl//R2 = R3//R4.

Figure 3.6. Differentiator. Output voltage VOUT is equal to -R1C2 Ld/dt(VIN)].
For minimum error due to input bias current, R, = R

1 2°
Figure 3.7. Practical Differentiator. Corner frequency,fc = l/2ﬂR2C1; fh =1/2
fh = 1/2"R2 27 £ <<fh«funlty -gain”
Figure 3.8. Differentiator frequency response.
Figure 3.9. Integrator. Output voltage Vour = -(l/R thl N t; fc = 1/2hR1C1.

For minimum offset error due to input bias current, R = R,

1
Figure 3.10. Amplitude-frequency plot for the integrator circuit.

Figure 3.11. Simple low-pass filter: £, = 1/2WR1C1; £, = 1/2ﬂR3C1: A, = R3/R1‘
Figure 3.12. Gain-frequency plot for low-pass filter.

Figure 3.13. Current-to-voltage converter. Output voltage VOUT is equal to IINRl'
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‘Figure 3.14. Photoconductive-cell amplifier.

Figure 3.15. Photodiode amplifier. Output voltage VOUT is equal to RlID'

Figure 3.16. Photovoltaic-cell amplifier. Output voltage is equal to ICELLRl'
. . . . . = . >

Figure 3.1l7. Precision current sink: Io VIN/Rl’ VIN_.O V.

. . . . = . ‘
Figure 3.18. Precision current source: Io VIN/Rl' v N_.0 V.

I

Figure 3.19. Voltage references: (A) positive, (B) negative. Voltage source provides
a voltage greater than the reference-diode voltage.

Figure 3.20. Voltage references: (A) positive, (B) negative. Voltage source provides
a voltage less than the reference-diode voltage.

Figure 3.21. Reset stabilized amplifier.
Figure 3.22. Analog multiplier. Output voltage V
R =R, (V7 /10) .

. . _'E .
is equal to vlvz/lo, V1 O V;

ouT
Figure 3.23. Full-wave rectifier and averaging filter.
Figure 3.24. Wien-Bridge sine-wave oscillator.

Figure 3.25. Constant-amplitude triangular-wave generator.
Figure 3.26. Threshold detector with regulated output.

Figure 3.27. Tracking power supply. Output voltage V is variable from %5 v to

: ouT
35 v. Negative output tracks positive output to within the ratio of R6 to R7.
Figure 3.28. Programmable positive and negative power supply for testing integrated
circuits.
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Figure 3.3. Unity-gain
buffer. Output voltage
Vour is equal to Viy. For
minimum error due to input
bias current, R] = RSOURCE'

Figure 3.6. Differentiator.
Output voltage Voyr is equal
to -R1Ca [ d/dt(Vin)]. For
minimum error due to input
bias current, R; = R2.

funITy AN,

Figure 3.9.

Integrator.
Output voltage Voyr =

-(1/R1C1) ftivm dt; fo =
1/ZWrC3.

offset error due to input
bias current, Rj = Rj.

For minimum



60 v 60
Cy
K %? =100
40 W 40 e
] e
Z 20 Z 20
-4 <
(L) (L]
o . fe : . [ fR
Figure 3.11. Simple low-
pass filter: fe = 1/2WR)C1;
2 fo = 1/2TR3C1; Ae = R3/Rj. 20
h of 001 0001 10,000f t 10t 100t 10001 10,0001
RELATIVE FREQUENCY RELATIVE FREQUENCY
. s Figure 3.12. Gain-frequency
Figure 3.10. Amplitude- . .
frgquency plot fgr the plot for low-pass filter.
integrator circuit.
— Vour
. V V-
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Figure 3.16. Photovoltaic- + } VI,

cell amplifier. Output
voltage is equal to ICgriR1.

Figure 3.17. Precision v

surgfgtbsink: I, = Vin/Rys
IN= : Figure 3.18.  Precision current
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Figure 3.19. Voltage references:
(A) positive, (B) negative.
Voltage source provides a voltage
greater than the reference-diode
(A) V- voltage.
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4

Applications For Fully
Compensated Operational
Amplifiers

by Michael English
Fairchild Semiconductor

Fully compensated operational-amplifier ICs, available since 1968, have changed some
of the design rules for IC users. The following paragraphs cover some of the more
important considerations that come into play when incorporating these ICs into
equipment.

4.1 VOLTAGE REGULATOR

The voltage follower is frequently used as a buffer amplifier to reduce voltage
error caused by source loading and to isolate high impedance sources from following
circuitry. A circuit diagram for the follower is shown in Figure 4.1. The gain of
this circuit is essentially unity. The output duplicates, or follows, the input
voltage, hence the name voltage follower.

The voltage follower is a "worst case" for stable operation as maximum feedback is
applied. Normally, external components are required to reduce the gain below unity
at high frequencies to prevent osciilation. A fully compensated op-amp IC, of course,
does not require external stabilizing components as it has an internal monolithic
compensation network.

Voltage follower are also subject to "latch-up." Latch-up may occur if the input
common-mode voltage limit is exceeded. If the input transistor at the inverting
input saturates, then the input to this transistor is fed directly to its collector
circuit through the collector-base junction. Thus, the inverting input becomes non-
inverting if the common mode limit is exceeded. This results in positive feedback
holding the IC in saturation.

The input stage of a fully compensated op-amp IC should be designed to prevent
latch-up. If it is, no external protective circuitry will be required. The uA741,
for example, couples this protection with a larger common-mode range than most
monolithic operational amplifiers and is therefore capable of larger output voltage
excursions. 'The worst case common-mode range of the pA741 is typically t 12 v, thus
allowing voltage-follower output swings up to Y V.

The accuracy of a voltage follower is determined by the open-loop gain of the
operational amplifier and by its common-mode rejection ratio.

The expression for the accuracy is:

1
1 + =
e
ouT _ CMRR (4.1)
e 1
IN =
. 1+ A

where the common-mode rejection ratio in dB is given by CMRR 35 = 20 log10 CMRR

Using typical figures from the pA741 data sheet, Ay, = 75,000 CMRR = 90 dB; the dc
accuracy of the voltage follower turns out to be better than .003%.
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4.2 INTEGRATOR
The integrator, shown in Figure 4.2 provides an output that is proportional to the
time integral of the input signal. The gain function for the integrator is given by:

1
e, = - e . dt, (a.2)
© Rlclf IN

Rl and C1 are labeled in the figure. As an example, consider the response of the
integrator to a symmetrical square-wave input signal with an average value of zero
volts. If the input has a peak amplitude of A volts then the peak-to-peak output can
be calculated b§ integrating over one-half the input period giv}ng:
e 0= e, [72 n ac = 2o (£)- (4.3)
The waveshape will be triangular and will correspond to the'integral of the square
wave. For the component values shown in Figure 4.2 and assuming A = 5 Vand T = 1 ms,

equation 4.2 yields:

-3
(5 (7Y - .
%o (p-p) ‘(10-3)( ) ) 23V (p-p)

Resistor R, is included to provide dc stabilization for the integrator. It limits the
low-frequency gain of the amplifier and minimizes drift. The minimum frequency at
which the circuit will perform as an integrator is given by:
1
f=""" Hz . (4.4)

2 R2Cl

For best linearity, the frequency of the input signal should be at least 10 times
the frequency calculated using equation 4.2. The linearity of the circuit illustrated
is better than 1% with an input frequency of 1 kHz.

Although it is not immediately obvious, the integrator, if it is to operate reliably,
requires both large common-mode and differential-mode input voltage rénges. There are
several ways that the input voltage limits may be inadvertently exceeded. The most
obvious is that transients occurring at the output of the amplifier can be coupled
back to the input by the integrating capacitor, Cy- Thus, either common mode or
differential voltage limits may be exceeded.

Another less. obvious problem can occur when the amplifier is driven from fast rising
or falling input signals, such as square waves. Because the output of the amplifier
cannot respond to an input instantaneously during the short interval before the output
reacts, the summing point at pin 2 of the amplifier m;y not be held at ground
potential. If the input signal change is large enough, the voltage at the summing
point can exceed the safe limits for the amplifier. Fully compensated op-amp ICs
with large differential input voltage ranges obviously offer greater protection
against this occurring. The range for the pA741 is Y30 v.

4.3 DIFFERENTIATOR
The differentiator circuit of Figure 4.3 provides an output proportional to the

derivative of the input signal. The gain function of the differentiator is given by:

de
eo = —R2C1 d_tl (4.5)
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As the differentiator performs the reverse of the integrator function, a triangular
input will produce a square-wave output. For a 2.5 V peak-to-peak triangle wave
with a period of 1 ms we have, for the circuit illustrated:

de _ 2.5 _

it = 0.5 = 5 V/ms

e, = - (10/K) (0.1) = 5 V/ms
=5 Vip-p)

The resistor R,y is needed to limit the high-frequency gain of the differentiator.
This makes the circuit less susceptible to high-frequency noise and assures dynamic
stability. The corner frequency at which gain limiting comes into effect is given
by:

£f= s - (4.6)
171

This frequency should be at least 10 times the highest input frequency for accurate
operation. A maximum value for the corner frequency is determined by stability
criteria. In general, it should be no larger than the geometric mean between
i R2C1 and the gain-bandwidth product of the 0perat%onal amplifier. Since the paA471
has a gain-bandwidth product of i?proximately 1 MHz,its limit for f is given by:

£< 1 x 107 4.7
2 RZCl ‘

The differentiator is subject to damage from fast-rising input signals as is the
integrator and, as has been discussed, the circuit is also susceptible to high-
frequency instability. The wide range of input voltages and the built-in frequency
compensation of the pA471 are particularly important when the amplifier is used as a
differentiator.

4.5 VOLTAGE-REGULATOR REFERENCE AMPLIFIER

Operational amplifiers are frequently used as reference amplifiers in voltage-
regulated power supplies. A typical circuit with variable output voltage, is shovn
in Figure 4.4. The purpose of the amplifier is to isolate the voltage reference, a
zener diode in Figure 4.4; from changes in loading at the supply output. This
results in lower supply output impedance and hence improved load regulation. Also,
because of the high gain at the uA741, the voltage applied to the inverting input
of the amplifier from the output voltage divider is always maintained within a few
millivolts of the reference. '

Thus, the output voltage may be varied by changing the divider. The 800-kilohm
input impedance of the pA741 keeps loading of the reference zener to a minimum. The
output impedance of the circuit shown is less than 0.1 @ and the line regulation is
approximateiy 0.4% for input voltages varying from 20 to 30 V.

4.6 HIGH-VOLTAGE REGULATED POWER SUPPLY

The pA741, with proper biasing, can be used to control regulated power supply
voltages many times its normal operating voltage. Figure 4.5 shows a 100-V regulated
power supply using the pA741 as the control amplifier.

Zener diodes D, through D3 supply proper operating voltages to the IC. The diodes

1
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reference the amplifier voltages to the power supply output so the bias levels can
follow the output voltage over a wide range of adjustment. Dl keeps the positive
supply terminal of the IC about 6 V greater than the regulator output. D, holds the
inverting input about 10 V below the output voltage, while D3 maintains a 30 V drop
across the amplifier's supply terminals. One of the SE7040 transistors, biased by a
zener resistor network, acts as a current source, supplying operating current to the
amplifier and part of the biasing network.

The regulator output is fed back to the IC amplifier through a voltage divider.
The division ratio is obtained by first selecting the desired output voltage and
calculating the division ratio required to make the divider output 10 V less (D2 is
a 10-V zener diode) than the output from the regulator. For the circuit shown, the

desired output is 100 V and D

5 is a 10-V diode giving:

o)
€ r.___ . = -
ouT (Rtotal = Cour ~ Vp2

(fmem)
100 \Rygean

(Feoemn)
Rtotal

The regulator is short-circuit-protected by the 2N944 transistor and the 5-0
resistor in series with the output. As the output current increases, the voltage
drop across the 5-0 resistor increases, turning on the 2N4944. The transistor thus
shunts base current away from the SE7040 pass transistor. If output current is
further increased, the voltage output drops rapidly to zero. With a 5-0 resistor,
the output current. limits at approximately 100 mA. Proportionally, larger and
smaller resistor values give other current limits, such as 2.5 @ for a 200 mA limit.
It should be remembered that the pass transistor must be capable of dissipating the
power generated by the maximum unregulated input voltage and the short circuit
current, as it is essentially connected across the input terminals under short circuit
conditions.

100 - 10

0.9 = division ratio

The circuit shown provides line and load regulation of approximately 0.06% for
input voltages ranging from 120 to 170 V and an output voltage of 100 V at 0 to 100 mA.
Higher ouﬁput currents are possible by using a higher power transistor in place of the
SE7040 pass transistor or by excluding the possibility of output short circuits.

4.7 CLIPPING AMPLIFIER )

Occasionally, it is desirable to limit the output swing of an amplifier to within
specific limits. This can be done by adding nonlinear elements to the feedback
network as shown in Figure 4.6.

The zener diodes quickly reduce the gain of the amplifier if the output tries to
exceed the limits set by the zener voltages. When the zeners are not conducting,
the gain is determined by the feedback resistors R1 and R2.

It is often overlooked that an amplifier used as a clipper must be frequency
compensated for a gain of unity. This is because the gain of the circuit passes

through unity as the zeners begin their clipping action. The uA741 poses no problems



in this respect as it is internally compensated for unity gain.
4.8 COMPARATOR

Many control functions require that a comparison be made between two voltages and
that an output be supplied indicating which of the two is greatest. The pA741 can
be used as a comparator in many applications where high speed is not a prerequisite.
It cannot complete with comparators designed for high-speed operation, such as
uA710 types, as the internal compensation network limits the response time.

A typical comparator circuit is shown in Figure 4.7. The zener bonding voltage
may be selected to be compatible with high level DTL micrologic or normal CCSL logic
levels, or with MOS device thresholds, or the amplifier can be used open loop.

FIGURES
Figure 4.1. Unity-gain voltage-follower arrangement.

Figure 4.2. 1Integrator circuit provides an output which is proportional to the time
integral of the input signal.

Figure 4.3. Differentiator circuit provides an output which is proportional to the
derivative of the input signal.

Figure 4.4. Variable-voltage regulated power supply.
Figure 4.5. High-voltage regulated power supply.
Figure 4.6. Clipping amplifier circuit.

Figure 4.7. Comparator circuit.
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Understanding Fully Compensated
IC Operational Amplifiers

by Harry Gill

Raytheon Semiconductor

The present generation of monolithic operational amplifiers includes fully frequency
compensated ICs which are short-circuit proof, may be easily balanced, and are not
prone tc go into oscillation when used with capacitive loads.

The design concept on which today's fully compensated op-amp ICs is based was first
applied in 1967 in National Semiconductor's LM10l. The key to this approach is the
employment of current sources as collector loads (See Figure 5.1). Previously, in the
first-generation 709-type monolithic operational amplifiers resistive collector loads
had been used (See Figure 5.2). Op-amp ICs which use the current-source-as-collector-
load technique include the RM4101, shown in Figure 5.3 and the 741, shown in Figure 5.4.

The 741 is the internally compensated version of the 101.
The 709 has a typical open-loop voltage gain of 45,000; its total diffused resistance

is 171 k2. The 741 has a typical open-loop voltage gain of 125,000; its total
diffused resistance is 56 kQ and it includes short-circuit protection as well as a 30-
pF metal-oxide-semiconductor frequency compensating capacitor which eliminates any need
for external hardware. The die sizes of both the 709 and 741 are identical at 55 mils
square. )

The 709 has three gain stages and most of the 171 k@ of diffused resistance is in
the ac signal path, whereas only 12 kQ of the 56 kQ of the 741 is in the ac signal
-path. Liberal use of lateral pnp transistors is made in the 741 and 4101 but their
use is restricted to areas where their inherently poor frequency characteristics will
not hamper the amplifier's frequency response.
5.1 THE INPUT STAGE

In the second-generation (741,4101) op-amp ICs, the input transistors 0, and 0, in
effect, are emitter followers which drive the emitters of Q3 and 04 differentially
(See Figure 5.5). Since 03 and Q4 are lateral PNP transistors, they are used as
common-base amplifiers; this permits their poor frequency characteristics to be circum-
vented. Transistors Q5 and Q6 are a current source and provide the load for Q4. A
not-so-obvious advantage of this configuration is that it allows the full differential
current gain to appear single ended at the collector of 04+ Should-I4 increase, (I3
" will decrease by the same amount) and this decrease will produce a similar decrease in

I6 (I4 = I6 in the balanced condition). The net effect will be an output current
equal to 14 - 16. Since 16 is always equal to I3, the output current will be 14 - 13.

Several advantages are obtained by using this unlikely looking circuit. These are:

1. The necessary level shifting is accomplished differentially in the first stage
using transistors in a configuration which minimizes the effect of their poor
frequency characteristics.

2. An extremely high output impedance (2 MQ) is provided for driving the second
stage and a node is available where frequency compensation can be accomplished easily.
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3. High-voltage gain is achieved since the collector of Q4 sees only the input
impedance of the second stage as a load.
4. The ac input impedance is doubled because of the two additional base-emitter
junctions between the input pair.
5. Because of the uniformly doped epitaxial base of the lateral pnp transistor,
BVCBO equals BVEBO, at a value of 80 - 90 volts. With this type of input configura-
tion, a circuit designer can use a differential input voltage range equal to the
supply voltage, without destroying the device. If conventional pnp transistors .were
used in place of the laterals, the input voltage range would be limited to + 14 volts.
6. The output is conveniently located so that a simple npn comhon—emitter ;mplifier
can be used as the second stage.
5.2 THE SECOND STAGE

The second stage, or driver (Figure 5.6) is a standard Darlington-configured npn
common-emitter amplifier with a pnp current source as the collector load impedance.
The compensation capacitor is usually applied around this stage to obtain a constant
6 dB/octave roll off out to unity gain. The advantages of placing the feedback here
are that a very high impedance ( 1 MQ ) is seen at the input and high current gain
(2 x 104) is available from this stage. In this manner a relatively small (30 pF)
capacitor can limit the open-loop bandwidth of the amplifier to 7 Hz,
5.3 THE OUTPUT STAGE

The output (Figure 5.7) is usually taken from a complementary emitter follower
operated near or at class-B operation. A small amount of standby current (100pA) is
maintained thru the output pair to eliminate crossover distortion. The main advantage
of this output configuration is the large amount of output current available in the
positive and negative direction. However, to get this current gain we need another
PNP transistor. . There are two methods of obtaining a pnp transistor at the output:
(1) Use a vertical or substrate pnp which uses a p base diffusion as the emitter, the
n epitaxial layer as the base and the p substrate as the collector. This method can
only be applied when the collector is.connected directly to the most negative voltage
in the circuit. However, this device leaves much to be desired as a transistor. 1It's
current gain is usually low because of the wide base width and the gain falls off
rapidly above 1lmA collector current. (2) Connect a lateral pnp and a standard npn
transistor together as shown in Figure 5.8. This configuration provides an equivalent
pnp current gain equal to the product of the pnp and npn current gains. The beta cutoff
frequency for this device will be the same as for the pnp transistor alone.

The standby current for the output stage is usually developed by inserting either
a resistor or diffused junctions (diodes, base-emitter junctions) between the bases
of the output pair transistors and in series with the driver's collector load. The
use of resistors is usually not desirable because of poor thermal matching as compared
with diodes. Active diodes ( VCB
the necessary turn-on voltage required for the proper standby current.
5.4 BIASING CIRCUITS

Second-generation op amps are not restricted to a narrow range of supply voltages.

= 0 ) or transistors are generally used to develop

Most amplifiers can be operated successfully over a 5:1 supply-voltage range. This
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gives the user great flexibility in designing circuits. Again, the reason is the
simple current source shown in Figure 5.1. For a given input current, the output

current will be maintained for output voltages from near saturation to BV the

CEO’
output impedance will equal hoe'
Biasing of operational amplifiers can be accomplished in several ways. The simplest
method is used in the 741 (Figure 5.9;. Here the main bias supply is simply a resistor

(RS) with one reference diode connected at each end and current sources Q11 and Q13

connected to the diodes. The current that flows thru R. equals the collector current

5
of Q13' The current through Q19 is less than the current thru Rg because of the

addition of R, to the emitter of QlO' It's value can be determined by calculating the
ratio of the current through Ry to the current required through Q0" Since Vbe/AIC =

18 mV/ octave (60 mV/decade) the voltage across R4
the  determination of R, (R, = BV /I 0Q,4). 0, collector current will change
relatively little with large changes in R

can be determined and this allows

5 current due to the logrithmic relationship
of the currents.

A more sophisticated circuit is used in the 4101 (Figure 5.10). In this circuit, a
constant collector current is maintained through Q9 while the supply voltage is
varied over a wide range. A relatively constant current through ng is obtained
because the Vbe of Q18 changes by only 18 mV/octave of the collector current. For a
4:1 change in supply voltage, the collector current of Q18 will also change by 4:1
(since almost all the current through Rl becomes the collector current for Q18)' Since
R1 is a buried FET resistor, it's value is voltage dependent, increasing with increas-
ing voltage, so that the actual change in Q18 collector current will be less than the
supply voltage change.

For Q19 to properly bias Ql8' it must also supply current through R At an opera-

9°
ting current of about 100 pA the Vbe of le will be approximately 600 mV, and the

current thru R9 will be 60 pA. Thus, when the Vbe of 018 changes 36 mV for a 4:1

(2 octave) change in supply voltage, the current Q9 has to supply to Rg changes by
only 6%} also has to supply the base current of Qg but this need is small
9 Although the 300-kQ resistor R1

as though it would require a large amount of die area, it is in fact a buried epitaxial

Q19
compared to the current thru R

in Figure 5.10 looks
field-effect-transistor used as a resistor and it consumes less die area than the
39-kQ resistor of Figure 5.9,

Another bias circuit which bears attention is the one required to supply the input
pnp transistors with base drive. Here, to maintain the proper operating current for
the first stage, the base drivé to Q3 and Q4 must change because the current gain of
Q3 and Q4 is process and temperature dependent.

The 101 uses the circuit shown in Figure 5.11. As mentioned in the previous dis-

cussion of Figure. 5.10, has a constant emitter current supplied to it by ng.

Q
Because of the common prozgss and temperature conditions that exist, the current gain
of on will track the current gains of Q3 and Q4. The base current of 020 is used as
the base drive for Q3 and Q- This is accomplished by using Q59 and Q,, as a current
source to transfer the base current of Q20 to the base of Q3 and Q4. This scheme
requires that Q20 and Q3, Q4 track and as a result, this is an open-loop approach.

The 741 uses the circuit of Figure 5.12 to bias it's input stage. This circuit is a
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closed-loop system which does not require matching or tracking of current gains
(except for Q3 and Qyr of course). The circuit is designed so that I equals the sum
of the input pair (Ql, Q2) collector currents. As an example, as temperature in-

creases, less base drive (134) is required to maintain I

3 and I4 constant; therefore

if I, does not change, I, and I, will increase. However, I+ I, + I, passes thru

the reference diode Q8' As the current thru QB increases, it causes an equivalent

increase in the collector current of Q9 Increasing 19 will then reduce the base

drive to Q3 and Q4, restoring the or1g1nal collector currents. Mathematically the

argument can be presented as follows

Tio = I3q * Igand Ig = I3+ Iy + I3, (5.1)

since the collector current of Q9 equals the collector current of Qg
If I_.=I,=I_ and I + Zch then I = 2I ‘(i + =2 ) (5.2)

37 747 ¢ 34 —— 10 c hf

hfe ©

This analysis has neglected Q9's current gain. In reality the base current of Qg

also contributes to the collector_ current of the first stage (which means not all of

this current flows thru Q8). This modifies the solution slightly. Assuming the hfe

of Qg?t:hfe Q3 - Q4 because of the identjcal processing and geometries (not the case

with the 101) and that the V., matching of Qg and Qq always maintains equal emitter

currents, then:

be

I

I + 9 I3 + I4 + 134; T+ I9 - 18 (5.3)
er 2  hg
e
and IlO = 19 + 134 as bziore. Simplifying,
I3 = I4 = IC and 134 = - c
fe
Then:
(1 + 52) o
I 1 + = 2T +
h
o £ hfe
21
To = T10 = T34 = Tro 7=
fe
21
2 1 4
(I,, - =—5) (1 + === 21 (1 + ) (5.4
10 hfef hfe) c Efe
Solving for I,0 yields:
I, = 2T, (1 + 5 ) ¢5.5)
hfe + 2hf

e
For an error of <10% in I10 = 2IC, hfe>-3.5.

A current gain of greater than 3.5 is easily achieved with proper geometry and

processing.
5.5 FREQUENCY COMPENSATION

Second-generation fully compensated operational amplifiers apply frequency compensa-

tion to one stage only, the driver. The reason the driver is selected is the high

input and output impedances associated with it; the driver has high current gain and

is isolated from outside influences by the input and output stage. The high input
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impedance and high gain of the driver stage provide the designer with the means of
achieving a low roll-off frequency (6 Hz) using a relatively small 30-pF capacitor.
The capacitor is placed at a point in the circuit where a pole already exists due to
the Cob(Z PF) of the driver transistor.

The driver can be considered to be a 60-dB amplifier with an input and output
impedance of 1.4 M2 and90 k@ which is driven from a 2.5 M2 source impedance.

The open-loop bandwidth cén be obtained from the formula:

1
BW = .
(-3dB) i ,
2M(L + Ag)) (S + Cop) | (Rgy/ 7 Ryp) + Rpy ] (5.6)
Applying the values of Figure 5.13 yields.
BW—3dB = 6 HZ

You may ask why compensate at all? Because a second pole exists at 3 to 5 MHz
where the amplifier still has 10 to 20 dB gain. By the time the gain falls to 0 dB,
the amplifier's phase margin would be approaching 0 . In reality, a negative phase
margin would exist due to substrate and various stray capacities. Enough compensation
is applied so that the gain margin is 10 to 20 dB..

5.6 DERIVATION OF GAIN

The 741 amplifier can be analyzed to indicate how this type of op-amp IC derives its
"high gain from just two gain stages. The 741 has been chosen for analysis because of
its straight forward design. (Refer to Figure 5.4).

5.6.1 DETERMINING THE DC BIAS CURRENTS:

The amplifier's bias current is determined by R and R,. At +15 volts the current
thru R, is:
5
vt v v - v -V,
T = ~ 'bel2 bell (5.7)
5 R
5
where V+ =V =15V, Vbe12 = Vbell =.6 V, and R5 = 39 kn
Substituting these values, I_ = 740 pA.

5
Since le is the reference diode for the driver current source Q13, and assuming
the hfe of Q13 is about 5, the collector current of Q3 will be approximately Iz - IS/
h or 600 upA.
fe

The determination of Ilo must be arrived at graphically or by successive approximations.

The designer of the circuit does not have this problem since I10 is known to him and

Incidentally, the actual value of R, is

his only problem is finding the value of R a

4-
about 2800 @ not the 5000 @ which appears on the schematic.
To solve for Ilo graphically, take a sheet of 3-cycle semi-log graph paper.

Plotting Avbe 0 to 180 mV along the linear axis and Ic' 1 uA to 1000uA along the log

axis, draw a straight line from the coordinate O mV - 1pA to 180 mVv - 1000upA (60 mv/
decade). This line represents the movement of Vie ~ VS - IC for Q1. Now plot a

/
be + R4Ic) - VS - Ic for QlO‘ For example, at Ic = 1 pA, Vbe = Avbe +

, .
RgI, = O mV + 2.8 k0 (LuA) = 2.8 mV. At Ic = 10uA, Vpeé = Avpe + Rqlo = 60mV + 2.8 ko

curve of (AV
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(10 pA) = 88 mV. '

Repeat this procedure for 2, 5, 20, 50 and 100 pA Using a french curve, connect the
points calculated. Draw a line.along the Ic = 740 pA line until it meets the 011 line.
Draw another line perpendicular to the 740 upA line, joining it at the intersection of
the Q11 line (about 172 mV).. Continue the 172-mV line until it reaches the Q10 + R5
line. Read the current (Ic) at the intersection (about 27 uA).

We now have established that the driver is operating at 600 pA and the input stage
is operating at about 27 uA (13.5 uA each side) based on the discussion of the 741
input-stage bias/scheme.

5.6.2 DETERMINING THE INPUT STAGE GAIN

The ga}n ( I ) of the input stage is determined by its operating current and is
%%L = q Ic/kT or Ic/26 mV at room temperature. However,

be
only 1/4 of the input signal voltage (Vi) appears across either input of Q3 or Q4
(a total of 4 Vbe junctions appear across Vi). Since v, = 4AvV e’ then the output
signal current for each side is 1/4 In Vi. The circuit of 05, Q6’ and Q7 translates
Q3 signal current to the output of Q- thus doubling the output signal current. The
output current (Io) is le3 + 1&14 (from previous discussion) or (1/2) Im V.. At

1

Ic = 13.5 ua, I = 500 pmhos; therefore the output current Iy = Vi 250 umhos. At

13 pA for Ic, the hoe of Q4 and Q6 is 0.2 umho. The output impedance of the input

given by the formula 9 =

stage is thus:

1

R A = —o——m————
0l hoe4 + hoe7 = 2.5 MQ

5.6.3 DRIVER STAGE GAIN AND IMPEDANCE LEVELS

) KnoWing that 017 is operating at 600 pA collector current (almost all of Q13ls
collector current flows through Ql7)_and Ql6 operates at 15 upaA (Vbe 17/R12) + Ib17
and assuming the current gains of 150 for Q17 and 100 for Q16° input impedance can be

calculated.

Rinz = (Pre16 ¥ Bee17) Ryp + ;)

If r_ ., = 26 = 430 and R;; =50 @, then
.6 (ma)

RIN2 = 1.40 MQ

R = 1 R = h R

02 [, L.,  fe L

hoe17 + hoe13 2 14
Then: Ro2 = 125 kQ RL2 = 300 kQ
where hoe17 = 4u mho, hoe13 = 4y mho , RL = 2 KQ, and hfel4 = 150.
For a total collector impedance (R'. ) of R../ /R. = 88.5 kQ:
L2 02 L2

AV2 = R'Lz/(rel7 + Rll) = 950 = 59.6 dB
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Since the input impedance (R ) of the driver has been found, the voltage gain

IN2
(AVl) of the input stage can be calculated.

Vop = Iy Ryp / 7/ RIN2) and I = (1/2) g, VvV,
Vol _
= (1/2) 9 (Ro1 / / Rinz) = 225 = 46.1 dB

A ;
V1 Vi

where gm'= 500 pmhos
ROl - 2.5 MQ.

RIN2 = 1.4 MQ.

Overall amplifier gain A, = AV1 + sz. Therefore:

Av = 59.6 dB + 46.1 dB 105.7 dB (172,000)

5.6.4. CALCULATION OF OPEN-LOOP BANDWIDTH:

Refer to Figure 5.13. 1In the discussion on frequency compensation it was shown that
the bandwidth is determined by the gain and input impedance of the driver, the output
impedance of the input stage and the value of compensation capacitor used. The band-

width may be expressed by:
BW(f) = 1
24
(AV2 + 1) (Cob + Ccomp) (R01 * RINZ)

where: A = 950, = 2. = = = ¥
V2 0 Cob 2.5 pF, ccomp 30 pF, R01 2.5 M2, and RIN2 1.4 MQ.

Using the above values, BW(f) = 5.8 Hz. Kno&ing BW and AV,~the 0 dB gain frequency may

be found as follows:
f (0 dB) = BW (Av)

£ (0 dB) = 5.8 HZ (1.72 x 10°) = 1 MHz.
REFERENCES
Lin, H. C., et. al., "Lateral Complementary Transistor Structure for Simultaneous

Fabrication of Functional Blocks," Proc. IEEE, Dec. 1964, pp. 1491-95.

FIGURES
1 Current-source collector load first used in IM101.
2 Operational amplifiers of the 709 type use resistive collector loads.

Figure 5.1.
Figure 5.2.
Figure 5.3. Complete circuit diagram for 101 op-amp IC.

Figure 5.4. The 741, like the 101, uses the current-source-as-collector-load approach.
The 741 includes a 30-pF capacitor which eliminates the need for external compensating

elements.
Figure 5.5. 1Input stage for 101 and 741 type op-amp ICs.
Figure 5.6. Driver stage used in 741 ICs.

Figure 5.7. Complementary output stage can provide considerable positive or negative
output current.

Figure 5.8 Use of a lateral pnp transistor in conjunction with a vertical npn device
provides an equivalent pnp current gain which is equal to the product of the pnp and
npn current gains.

Figure 5.9. Bias supply arrangement for 741 IC.
Figure 5.10. Simplified diagram representing 101 bias supply.
Figure 5.11. Input-pair bias supply used in 101 IC.

Figure 5.12. Input-stage bias supply of 741.
Figure 5.13. Equivalent circuit for driver stage.
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6

High-Frequency Characteristics

Of wWideband Inverter Op-Amps

by Heinrich Krabbe

Zeltex

Amplifier characteristics such as frequency response, slew rate, and settling time are
often misunderstood in high-frequency applications of wideband, inverter op amps.
Frequency response and slew rate in general, are independent amplifier characteristics.
They must be dealt with independently when predicting and analyzing the closed-loop
response of an amplifier. For most cases, amplifier limitations in wideband applica-
tions are caused by frequency response rather than slew rate.

In the following paragraphs, general formulas are used to describe methods which
allow the designer to quickly predict the performance of an amplifier in a given
configuration.

Calculating frequency response, open and closed-loop transfer functions, beta,
settling time, and slew rate limits are covered. A method of improving the frequency
response of amplifiers is also described.

6.1 CALCULATING FREQUENCY RESPONSE

The frequency response of an amplifier can be calculated using a simple formula.

The basic frequency response of an amplifier depends entirely on its open-loop
roll-off rate (normally -6 dB/octave), its gain-bandwidth point, its input iﬁpedance
and the closed-loop gain configuration.

Since it is essential to know the roll-off characteristics of an amplifier to derive
expressions for calculating frequency response, the 145 and 147 op amps made by Zeltex
will be used as examples. The 145 is chopper-stabilized; the 147 is not.

The high-frequency sections of both amplifiers are identical; consequently, the Bode
plot of each amplifier (See Figure 6.1) is identical above 30 or 40 Hz. The open-loop
characteristics of the 147 may be considered a perfect single-order system (See Figure
6.2) for which the open-loop transfer function is:

Sout _ _-A
Ts+1

5 (6.1)
in

where A is the open-loop dc gain, 7 is the time constant of the open-loop amplifier
and s is the Laplace operator.
The closed-loop transfer function of a simple amplifier system is shown in Figure

6.3. The function can be expressed as:
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e —B

out - _Ter - A (6.2)
e. AB (7s+1) +AB

in 1+ Fstl

where B is the attenuation ratio for the feedback voltage. It can be assumed that AB
is always greater than one since the amplifier is never operated at the open-loop dc

gain in a closed-loop configuration. Thus:

e -A 1
eout - jF‘ s 7AD (6.3)
in T

The Bode plot for the 145 and 147 leads to the conclusion that

£ = fomw or w_ = YW (6.4)
A A
where fC is the desired closed-loop corner frequency (-3 dB bandwidth). Since:
=1, (6.5)
w
c
Eg. 6.5 can be combined withAFq. 6.4 resulting in
T =
w
. . . . GBW (6.6)
Substituting this term into Eqg. 6.3 provides:
e 1
ec.>ut —_ —wGBW [s———-———+B ] L 1.
in (wGBW) or - s B (6.7)
YeBw 7
Since s is jw (Laplace operator), Eqg. 6.7 can be rewritten as:
eout - _ jl
e, - —w._ +B (6.8)
in YeBW

Thus the eout/ein term 'represents a complex quantity of which the amplitude response

is simply:

e
out 1

e,
n { L>2 p2 | (6.9)

YGBW

Or:
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e
—out _ _ 1

e,

in 2

£ 2. + 6.10

ey 7 o
GBW

where w is replaced by fx

, wGBW by £

From the previous expression it can be seen that the -3 dB point of any close-loop

GBW and fx is the variable frequency.
amplifier depends only on B (providing the amplifier rolls-off at -6 dB/octave).

/
As long as the GBW of the amplifier is known, the -3 dB bandwidth can be calculated
as follows:
f-3 dB
- = B or f

= _ = Bf
GBW 3 dB GBW (6.11)

However, B has not been completely defined. As previously stated, B is the
attenuation ratio for the feedback voltage. To derive B, the circuit of Figure 6.4
may be used.

The part of e which appears at the amplifier junction in the circuit of Figure 6.4

out
is:

®out -~ Rin / / Z%in
Re + Ry /' / 24

(6.12)
Therefore:

B = Rin / / %in
Rf + Rin /7 Zin

(6.13)

For the 145 and 147 amplifiers, Z,

in is expressed as R and is a fixed 10-kQ resistor

(provided the bandwidth terminal is open). For example if Re = R, =10 k@ then B
18z ) S 1/3. .Substituting B equals 1/3 in Eq. 6.11, the frequency
10K + 5K

response of the 145 and 147 is found to be:

£ = 1/3 x 10 MHz = 3.3 MHz

-3db =~ Bfgpw

It should be kept in mind that excessive stray capacitance (expecially in the feedback
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loop) can cause a high frequency shunt across Rf and consequently cause a change in B.
The frequency response can be improved to approximately 5 MHz using a 1l:1 inverter
configuration. That is, if Rin = Rf = 1K, then B approaches its limit of 1/2 because
the value of Zin remains unchanged; consequently, its shunting effect on Rin becomes

less significant.
6.2 IMPROVING FREQUENCY RESPONSE

Generally, low impedances must be used to improve the high-frequency response of an
amplifier. Since the 145 and 147 amplifiers have closed-loop integrator over-all
compensation (See Figure 6.5), an ideal way of increasing the frequency response is
readily available. By shunting the resistance of Zin' the input impedance is
decreased and the gain-bandwidth product is increased. This increase in GBW can be
employed to obtain a higher frequency response; however, Rin and Rf must also be
decreased. The following discussion explains how'the frequency response of the 145
and 147 amplifiers can be increased from 5 MHz at a closed-loop gain of 1 to 10 MHz
at a closed-loop gain of 10.

In Figqre 6.5, with RBw shorted, the extreme gain-bandwidth of the amplifiers is
obtained. Figure 6.6 shows the Bode plots of the 145 and 147 amplifiers with a
bandwidth terminal shorted. The dashed line repfesents the interpreted response
curve. As shown in Figure 5.6, the amplifiers are no longer perfect single-order
systems and must be handled very carefully. Since the -6 dB/octave roll-off slope
continues to approximately 15 MHz, it is imperative to keep the loop closure defintely
under 10 MHz if a generally stable amplifier is desired. Higher frequency loop
closures can be obtained whenever needed for special circuit configurations.

If the -6 dB/octave slope continues to 100 MHz, B cannot be larger than 1/10 to
assure a -3 dB point (loop-closure) at or below 10 MHz. Furthermore, a Zin of 500
ohms must be assumed in the B calculations (the input impedance of the amplifier with
the BW terminal shorted is approximately 500 ohms at 10 MHz.) Any intermediate
resistor value can be substituted and will change the gain-bandwidth between limits
of 10 MHz to approximately 100 MHz. The 100-MHz figure is approximated as shovn by
a dashed line in the Bode plots of Figure 6.6.

For closed-loop gain of 10 and a -3 dB point at 10 MHz, it is essential to have a
gain bandwidth of at least 100 MHz. With the bandwidth terminal shorted, the
resulting gain bandwidth at 10 MHz is 100 MHz. This means that B equals 1/10 of this
figure (B = 1/10 x 100 MHz - 10 MHz). With Zin equal to 500 ohms, Rin must be very
small or less then 50 ohms in which case the loading of Zin or Rin b?comes equal to
or less than 10%. Therefore, Rf becomes fixed at 500 ohms and B equals approximately

1/11, and the desired gain bandwidth cannot be realized. However, since most of the
amplifiers have a typical gain bandwidth of at least 120 MHz, the desired bandwidth
can still be obtained.
6.3 SETTLING TIME

In certain applications, it is necessary to know the settling time of an amplifier.
Settling time is simply a specific definition of frequency response. The settling
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time can be easily computed to any desired accuracy if the frequency response of the

‘closed-loop system is known, provided the amplifier is a perfect single-order system

and has no internal charge-discharge non-linearities.

Above the -3 dB point, the response of the closed-loop system must necessarily
follow the open-loop response of the amplifier (-6 dB/octave). Thus the closed--loop
has the response of an RC integrating network or single-order system with a time
constant of 1/2 fc' This is approximately 50 ns in the previously calculated 3.3 MHz
response. Thus if the 10K/10K inverter configuration of the 145 or 147 is driven
with a perfect rise square wave the output rises to 63% in 50 ns; the rise time
(10 % to 90 %) is approximately 110 ns, or 2.2 time constants.

The closed-loop time constant (1/2 fc) is used as the basis for finding the
theoretical settling time. Since an accuracy of 1 % requires approximately five
time constants (seven time constants for 0.1 % and ten for 0.0l %), the closed-loop

. constant is simply multiplied by the number of constants to obtain the desired
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accuracy. The settling time to this accuracy may then be calculated. Care must be
used in making actual measurements since settling times to 0.01 % within 2 micro-
seconds are very difficult to measure. The circuit shown in Figure 6.7 is recommended
for measuring settling time.

The values of resistors_connected to point eq must be kept low because of the input
capacity of the oscilloscope (the oscilloscope must have a fast overload recovery
time) Also the input signal must be a clean, fast rising sqguare wave since ringing
on the leading and trailing edges greatly impairs the reading. The waveform at

£ is a differentiated impulse representing 1/2 the difference

out”
input, the time for a 0.01% accuracy reading must be measured to where the error

point e, for Rin = R
between €.in and e Therefore, if a 20 V peak-to-peak squarewave, is used on the
signal at e, is less than 1 mv.

6.4 SLEW RATE .

Frequency response seldom influences or limits the slew rate. Slew rate limitations
are mainly influenced by internal phase-compensation networks, current-drive
capabilities in output or driver stages, and outpuf loading.

The maximum rate of rise of output voltage which the amplifier can sustain,
regardless of the rise time of the input signal, is known as the slew rate. However,
the rise time of the output voltage of fast amplifiers is usually limited by the
amplifier's frequency response rather than by slew rate.

This can be proven by noting that the minimum slew rate of the 145 and 147 amplifiers
is 250 V/ps; however the maximum slew rate required for‘paSSing a 10 V peak-to-peak
square wave is 200 V/us (using the calculated time constant of 50 ns, i.e., 10 V/50
ns). This maximum slew rate is well below the slew rate limit. Moreover, as Figure
6.8 reveals, the maximum slope is required only for a very small portion at the
beginning of the slope curve. Even for a 20 V peak—td—peak signal there is no visible
slew rate limitation because the amplifier has ample recovery time over the full rise
time of the waveform.

This slew rate limit may also be expressed in terms of maximum frequency for full



output. To do this, the maximum slope of a sine wave is found by differentiating
the expression v = A sin wt with respect to t. Thus:

dv

slew rate = E: ="wA cos wt (6.14)

and since’ the maximum slope of the sine wave occurs at O°:

cos wt = 1 (6.15)
and:

dv = wA (6.16)

dt

Since A is the peak amplitude and is normally 10V, the derivative becomes:

v = 0w (6.17)
at

With a slew rate of 250 V/us, this provides:

w=2.5x 10/
and,
f=2.5x107=4'MHZ
6.28

which assures that a 4-MHz sine wave of 1- V (peak) can be sustained by the amplifier
without distortion.

An amplifier may not meet slew rate specifications if the output current capability
is exceeded. Care must be taken when capacitive loading is present and fast rise
times are expected. The current necessary to charge a certain capacitance can be

easily found by the expression,

dv _ i

i (6.18)
or

. dv

i=c3¢ (6, 19)

6.5 LOOP GAIN VS. CLOSED LOOP ACCURACY AT HIGH FREQUENCIES
At dc, the loop gain of an amplifier (the portion eliminated by feedback) is the
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reciprocal of its given closed-loop accuracy; that is, an accuracy of 1% indicates a
loop gain of 100. However this is not true at high frequencies where the open-loop
gain of the amplifier rolls-off at -6 dB/octave. At high frequencies, the loop gain
required to obtain a specific amplitude accuracy is significantly decreased because of
the 90° phase shift between the amplifier input and output. The gain equation of the
single-order system may be used to determine the necessary loop-gain for a given
accuracy at high frequencies (vector quantities due to 90° phase shift are represented
by the gain equation). l

For example, the loop-gain required at a point where the accuracy is 1% or the
total amplitude is 0.99, is determined by the gain equation:

Amplitude =

2+ X (6.20)

Solving for FX/F3 dB:

and

or

Fx

1
7

F3 aB

Consequently, the loop gain required for a 1% amplitude accuracy at high frequenci;s

is much smaller than that required at dc. However, it must also be mentioned that for
a dynamic accuracy of a given percentage, the loop gain must be the same as given for
dc. Dynamic accuracy means instantaneous accuracy which includes amplitude and phase.
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FIGURES

Open-loop Bode plot for 145 and 147 operational amplifiers.
Simple open-loop amplifier.
Amplifier with feedback loop.

Closed-loop amplifier showing components used in deriving B.

_ Block diagram representing the 147 op amp.

Open-loop Bode plot showing 100 MHz gain.
Circuit for measuring setting time.
Risetime in single-order system.
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7

Popular Linear

Integrated-Circuit

Applications

by Leonard Brown

and Ralph Seymour

Signetics Corp.

Linear integrated circuit applications historically have been performed using opera-
tional amplifiers in a "gain block™" approach. This has led to the universal acceptance
of the integrated-circuit op amp in just a few years and the resulting sales volume of
operationél amplifiers has led to a marked reduction in the price of the devices.

Nevertheless, not all applications are best suited to this approach either from an
economic or a design integrity viewpoint. As a result some of the applications
discussed in this article do not use operational amplifiers.

7.1 LONG TIME CONSTANT MONOSTABLE (ONE SHOT)

The circuit shown in Figure 7.1 can provide ramp durations in the 0.1l-to-1.0 second
range. If built with a 515 differential amplifier, it requires only a single 5-V power
supply for both the amplifier and the control logic.

As illustrated, the 515 is connected as an integrator with a fixed input voltage set
by the resistor divider chain (Rl, Ry, Zl)’ The charging current available for the
capacitor is therefore set by this fixed reference voltage and the input resistor R.
The slope of the ramp voltage at the output of the amplifier is thus controlled By the
resistor R and the capacitor C. With C = 5.0uF, the duration of the ramp will vary
from 0.1 sec. to 1.0 sec as R is changed from 1 k0 to 10 kQ.

In the quiescent or stable state the Q output is high, which forces the output A low,
clamping the summing junction of the amplifier around ground and causing the output of
the 515 to be high. The Q output is not affected by the amplifierg "high" output as
it is controlled by the "low" input from the cross-coupled Q terminal. On receiving
an input pulse the flip flop changes state and the 0 output goes "high". In turn, the
summing junction of the amplifier is released and the amplifier integrated the dc
input voltage causing a negative going ramp at the input to the cross—coupied latch.
When the ramp reaches the threshold voltage of the 8481 gate, the latch changes state
and resets the integrator.

In this application, the equation for the timing is approximate as it includes non-
linear effects due to exceeding the 515 negative common-mode voltage.

7.2 RAMP GENERATOR

Operation of the 515 from a single supply is again illustrated in the circuit of
Figure 7.2 which is a triggerable ramp generator. The amplifier is connected as an
integrator with a fixed dc bias applied to its inputs through the input resistor
divider bias chain. Transistor 0 is required to discharge the capacitor and hence
reset the integrator, and is triggered through 0,- In the quiescent state, the output
sits at approximately +6 V as determined by the resistor chain Rle.

Applying a positive pulse to the input turns on Q, and causes the transistor (Ql) to
conduct discharging C and returning the output voltage to approximately +2 V, as
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determined by the input bias chain. At the end of the pulse, the base of Q1 returns
to approximately +6 V and Ql is reverse biased. The integrating capacitor now
commences to charge through the 2.2 kQ input resistor and the output will describe a
ramp function until it is clamped by the +6 V of the bias chain"(Rl,Rz) or is reset by
a following input pulse.

The ramp timing (slope) is controlled by the 2.2 k0 input resistor and the value of
the integrating capacitor. Capacitor C may be calculated to a first-order approxima-
tion by the expression:

C = 10—4/0perating frequency : (7.1)

7.3 AUDIO PREAMPLIFIER WITH RIAA/NAB COMPENSATION

The high open-loop gain of operational amplifiers makes them natural candidates for.
applications requiring precision frequencY—shaped characteristics at audio frequencies.
An example, illustrated in Figure 7.3, is an audio preamplifier with switched equali-
zation networks corresponding to the RIAA and NAB compensation requirements (See '
Figure 7.4).

The amplifier is connected in the non-inverting configuration with the frequency
shaping performed in the negative feedback loop. The low-frequency response (below
10 Hz) is controlled by Ry C;. Capacitor Cq is required to make the dc gain equal to
unity to avoid having an excessive output offset voltage. Resistor RSl should be
selected to match the required transducer loading. i
7.4 TONE CONTROL CIRCUIT

The circuit in Figure 7.5 is intended for use in conjunction with the circuit of
Figure 7.3 to provide the bass and treble controls of a complete audio preamplifier.
The IC employed is a 516 operational amplifier with unity-gain compensation in a
conventional feedback configuration. '

In Figure 7.5, Amplifier "A" may be a 5709 or 516. Frequency compensation as would
be used for unity gain non-inverting amplifiers must be used. The turn-over frequency
is 1 kHz. At 20 kHz, as can be seen from the response curve (Figure 7.6), the circuit
provides 20 dB of bass boost and bass cut; at 20 kHz, there is 19 dB of treble boost
and 19 dB of treble cut.

7.5 CRYSTAL OSCILILATOR

An extremely useful and simple square-wave oscillator that can be crystal controlled
from 1 to 10 MHz may be constructed using only three capacitors and a 501 wideband
amplifier. The availability of an external interstage connection (pins 3 and 4) on
the IC simplifies the design and minimizes the number of external components required.
The output drive may be increased by the addition of a 156 logic gate as illustrated in
Figure 7.7.

The value of C can be calculated from:

-3
a2
Cc = =4l%—§—l9—— Farads.
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Depending on the specific crystal type used, the output (pin 6) of the 501 may not
be high enough to drive the following logic (156). If this is the case, decreasing
the value of the two capacitors will increase the output drive. If a 501A is used
instead of a 501, modification of the pin numbers shown is necessary.

7.6 DOUBLY BALANCED MODULATOR

A doubly balanced modulator, useful in phase comparators, fm detectors, synchronous
demodulators and balanced mixers, is shown in Figure 9.8. A 510 dual differential
amplifier is employed in an ac coupled configuration.

Although the transistors display excellent matching thanks to the monolithic
construction, additional circuitry is required to optimize the carrier and/or modula-
tion balance. ‘

For low distortion the modulation input levels should be in the order of 50 mV or
less. However, if square-wave operation is satisfactory the 510 can handle input
signals of up to 5 V before the device ratings are exceeded. In the higher-voltage
- mode of operation the load impedance should be selected to insure that the output
transistors do not saturate. ‘

In the circuit shown in Figure 7.8, greater than 50 dB signal suppression can be
achieved and an output swing of 6 Vp-p is attainable. The frequencies of the carrier
and modulating signal were 22 KHz and 1 KHz respectively under test conditions.

Satisfactory operation can be achieved with carrier frequency up to 30 MHz.

FIGURES
Figure 7.1. Monostable multivibrator. Time constant T = 20 RC (covers 0.1 to 1
second range with C = 5 uF for 1 kQ 2R £10 k@. Duty cycle £95%jinput pulse width,
0.5 ps. Timing period starts on positive transition of input pulse.
Figure 7.2. Ramp generator. For best linear operation, use a low-loss type capacitor
(such as a Mica type) for C. Q, can be a 2N2907 or a 2N3638, A 2N2222 or a 2N3642 can
be used for Q2 (Q2 and its asso%iated circuitry may be replaced by a DCL gate such as
the 1/4 8841)7<

Figure 7.3. Audio preamplifier with RIAA/NAB compensation. Output noise 0.8 mvrms
(with input shorted).

Figure 7.4. RIAA and NAB compensation.

Figure 7.5. Tone control circuit.

Figure 7.6. Response curve for tone control circuit.
Figure 7.7. Crystal-controlled square-wave oscillator.

Figure 7.8. Doubly balanced modulator.
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Figure 7.1. Monostable multivibrator.
Time constant T = 20 RC (covers 0.1 to
1 second range with C = 5 uF for 1 k@
R - 10 k. Duty cycle - 95%; input
pulse width, 0.5 pus. Timing period

starts on positive transition of input
pulse. .

Figure 7.2. Ramp generator. For best
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