{NTRODUCTION

Feedback has become such a well-known
concept that the word has entered the gen-
eral vocabulary. 1n control systems, feed-

the system with the desired output and
making a correction accordingly. The “sys-
tem” can be almost anything: for instance,
the process of driving a car down the road,
in which the output (the position and ve-
locity of the car) is sensed by the driver,
who compares it with expectations and
makes corrections to the input (steering

cuits the output should be a multiple of the
input, soin a feedback amplifier the input
is compared with an attenuated version of
the output.

4,01 Introduction to feedback

Negative feedback is the process of cou-
pling the output back in such a way as
5:cancel some of the input. You might
think that this would only have the effect
of reducing the amplifier’s gain and would

back consists in comparing the output of -

wheel, throttle, brake). In amplifier cir- -

be a pretty stupid thing to do. “Harold
S. Black, who attempted to patént ‘nega-
tive feedback in 1928, was greeted”with
the same response. In his words; “Our
patent application was treated in'the same
manner as one for a perpetuiﬂ-moti()n ma-
chine.” (See the fascinating article in IEEE
Spectrum, December 1977.) True, it does
jower the gain, but in exchange it also im-
proves other characteristics, most notably
freedom from distortion and nonlinearity,
flatness of response (or conformity to some
desired frequency response), and predict-
ability. In fact, as more negative feedback
is used, the resultant; amplifier character-
istics become less dependent on the char-

acteristics of the open-loop (no—feedback),

amplifier and finally "depend only on the
properties of the feedback metwork itself.
Operational amplifiers are typically used
in this high-loop-gain limit, with open-loop
voltage gain (no feedback) of a million or
s0. .

A feedback network can be frequency-
dependent, to produce an equalization
amplifier (with specific gain-versus-
frequency characteristics, an example
being the famous RIAA phono amplifier
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characteristic); “or it can “be samplitude-
dependént; producing a nonlinear ampli-
fier:(a  popular example is ;a “logarithmic
amplifier, built with feedback that exploits
the logarithmic Vg versus Ig of a diode
“or transistor). It can'be arranged to pro-
uce a current’;source (near-infinite out-
ut impedance)-or a voltage source (near-
‘Zero outputiimpedance), and it can be con-
" pected to generate very high or very low in-
put impedance. Speaking in general terms,
the property that is sampled to produce
feedback is the property that is improved.
Thus, if you feed back a signal propor-
tional to the output current, you will gen-
erate a good current source.

Feedback can also be positive; that’s
how you make an oscillator, for instance.
As much fun as that may sound, it sim-
ply isn’t as important as negative feed-
back. More often it’s a nuisance, since a
negative-feedback circuit may have large
enough phase shifts at some high frequency
to produce positive feedback and oscil-
lations. It is surprisingly easy to have
this happen, and the prevention of un-
wanted oscillations is the object of what
is called compensation, a subject we will
treat briefly at the end of the chapter.

Having made these general comments,
we will now look at a few feedback exam-
ples with operational amplifiers.

4.02 Operational amplifiers

Most of our work. with feedback will in-
volve operational. amplifiers, very. high
gain dc-coupled differential amplifiers with
single-ended outputs. You can think of
the classic long-tailed pair (Section 2.18)
with its two inputs and single output as
a prototype, although real op-amps have
much higher gain (typically 10° to 10°)
and lower output impedance and allow the
output to swing through most of the sup-
ply range (you usually use a split supply,
most often 15V). Operational amplifiers
are now available in literally hundreds of
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types, with the universal symbol shown
in Figure 4.1, where the (+) and (-) in-
puts do as expected: The output goes posi-
tive when the noninverting input (4-) goes
more positive than the inverting input (-),
The (+) and (—) sym<
bols'don’t mean that you have to keep oné
positive with respect to the other, or any-
thing like that; they just tell you the rela-
tive phase of the output (which is impor-
tant to keep negative feedback negative).
Using the words “noninverting” and “in-
verting,” rather than “plus” and “minus,”
will help avoid confusion. Power-supply
connections are frequently not displayed;
and there is no ground terminal. Oper-
ational amplifiers have enormous voltage
gain, and they are never (well, hardly ever) .
used without feedback. Think of an op-
amp as fodder for feedback. The open
loop gain is so high that for any reason-
able closed-loop gain, the characteristics -

Figure 4.2. Mini-DIP integrated circuit.

as shown in Figure 4.2. 1t is inexpensive
“(about 60 cents) and easy to use; it comes
“in an improved grade (LF41 1A) and also
1 a mini-DIP containing two independent
p-amps (LF412, called a “dual” op-amp).
We will adopt the LF411 throughout this
- chapter as our “standard” op-amp, and we
ecommend it as a good starting point for
our circuit designs.

depend only on the feedback network. Of #:——\41'1)—_—- no
course, at some level of scrutiny this gen- “oftset nutl (1) top view (8) connection
eralization must fail. We will start with
a naive view of op-amp behavior and fill inverting v,
in some of the finer points later, when we input 2 - L &’f;f,’;y
need to.
.t ting '3 + :G) output )
i- lly (4 @offset null
—15V) 1.
Figure 4.1

Inside the 411 is a piece of silicon con-
ining 24 transistors (21 BJTs, 3 FETs),
1 resistors, and 1 capacitor. The pin con-
ections are shown in Figure 4.3. The dot
1 the corner, or notch at the end of the
ackage, identifies the end from which to
egin counting the pin numbers. As with

st electronic packages, you count pins
ounterclockwise, viewing from the top.
‘The “offset null” terminals (also known as
““balance” or “trim”) have to do with cor-
ecting (externally) the small asymmetries

There are literally hundreds of different
op-amps available, offering various perfor-
mance trade-offs that we will explain later
(look ahead to Table 4.1 if you want to
be overwhelmed by what’s available). A
very good all-around performer is the
popular LF411 (“411” for short), origi-
nally introduced by National Semi-
conductor. Like all op-amps, it is a wee
beastie packaged in the so-called mini-
DIP (dual in-line package), and it looks

that are unavoidable when making the op-
amp. You will learn about this later in the
chapter. :

4.03 The golden rules

Here are the simple rules for working out
op-amp behavior with iexternal feedback.
They’re good enough for almost everything
you’ll ever do. s e

First, the op-amp-wvoltagegain is so
high that a fraction of :a:millivolt between

the input terminals’will-swing the output

over its full range, so.weignore that small
voltage and state golden rulel: : i

I. The output attempts ‘to°do-whatever is
necessary to make the voltage difference
between the inputs zero. '

Second, op-amps draw ver»x' ittle input
current (0.2nA for the LF411; pic
for low-input-current types); )
this off, stating golden rule II

II. The inputs draw no current. ...

One important note:of -gxplanation:
Golden rule I doesn’t mean that the op-
amp actually changes the voltage at its in-
puts. It can’t do that. (How could it, and
be consistent with golden rule 11?) What it
does is “look” at its input terminals and
swing its output terminal around so that
the external feedback network brings the
input differential to zero (if possible).

These two rules get you quite far. We
will illustrate with some basic and impor-
tant op-amp circuits, and these will prompt
a few cautions listed in Section 4.08.

BASIC OP-AMP CIRCUITS

4.04 Inverting amplifier

Let’s begin with the circuit shown in
Figure 4.4. The analysis is simple, if you
remember your golden rules:

1. Point B is at ground, so rule I implies
that point A is also.
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2. This means that (a) the voltage across
Ry is Vout and (b) the voltage across Ry is

Vin.

Ry

out

Figure 4.4. Inverting amplifier.

3. So, using rule II, we have
Vout/R2 = —Van/R1

In other words,

voltage gain = Vout/Via = —R2/Ra

Later you will see that it’s often better
not to ground B directly, but through a
resistor. However, don’t worry about that
Now.

Our analysis seems almost too easy! In
some ways it obscures what is actually
happening. To understand how feedback
works, just imagine some input level, say
+1 volt. . For concreteness, imagine that
Ry.is 10k and Rgis 100k. Now, suppose
the : output-.decides  to:be ___ncooperative,
and sits at zeroyolts. sWhat happens? R
and R, form a voltage divider, holding the
inverting input.at +0.91 yolt. The op-
amp Sees anenormous:input, unbalance,
forcing the output:to,go negative. This
action continues untilithe:output:is at the

required —10.0 volts, at-which-point both

op-amp inputs are at the same voltage,
namely ground. Similarly, any tendency
for the output to go more negative than
—~10.0 volts will pull the inverting iaput
below ground, forcing the output voltage
to rise. .

What is the input impedance? Simple.
Point A is always at zero volts (it’s called
a virtual ground). So Zin = Ra. At this
point you don’t yet know how to figure the

will typically exceed 10%Q)). The output
impedance is still a fraction of an ohm.
s with the inverting amplifier, a detailed
look at the voltages at the inputs will
_persuade you that it works as advertised.
© Once again we have a dc amplifier. If
- the signal source is ac-coupled, you must
rovide a return to ground for the (very
mall) input current, as in Figure 4.6. The

output impedance; for this circuit, it’s a"
fraction of an ohm. ) :

Note that this analysis is true eve
for dc — it’s a dc amplifier. So if you:
have a signal source offset from ground:
(collector of a previous stage, for instance), ;
you may want to use a coupling capacitor
(sometimes called a blocking capacitor,
since it blocks dc but couples the signal).
For reasons you will see later (having to do
with departures of op-amp behavior from
the ideal), it is usually a good idea to use a
blocking capacitor if you're only intereste
in ac signals anyway.

This circuit is known as an inverting
amplifier. lts one undesirable feature is,
the low input impedance, particularly for
amplifiers with large (closed-loop) voltage,
gain, where 1) tends to be rather small..
That is remedied in the next circuit (Fig.
4.5). :

- gain of 10 and a low-frequency 3dB point
. of 16Hz. :

Figure 4.5. Noninverting amplifier.

4.05 Noninverting amplifier

Consider Figure 4.5. Again, the analysis is
simplicity itself:

Va= Vin

But V4 comes from a voltage divider:

Va = VouwRi/(R1+ Rz)

Set V4 = Vin, and you get

gain = Vout/‘fin =1+ RZ/Rl

This is a noninverting amplifier. In the
approximation we are using, the input

impedance is infinite (with the 411 it
would be 1012Q or more; a bipolar op-amp

An ac amplifier

Again, if only ac signals are being ampli-
“fied, it is often a good jdea to “roll off”
e gain to unity at dc, especially if the
mplifier has large voltage gain, in order
reduce the effects of finite “input off-
set voltage.” The circuit in Figure 4.7 has
a low-frequency 3dB point of 17Hz, the
quency at which the impedance of the

: component values shown give a voltage '
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capacitor equals 2.0k. Note the large ca-
pacitor value required. For noninverting
amplifiers with high gain, the capacitor in
this ac amplifier configuration may be un-
desirably large. In that case it may be
preferable to omit; the capacitor and trim
the offset voltage to°zero, as we will d}s—
cuss later (Section 4:12).- An alternative
is to raise Ry and Ry, perhaps using a T
rietwork for the latter (Section 4.18).

In spite of its desirable high input im-
pedance, the noninverting amplifier con-
figuration is not necessarily to be preferred
over the inverting amplifier iconfiguration
in all circumstances. As we-will see-later,
the inverting amplifier puts-less demand
on the op-amp and therefore gives some-
what better performance. In addition, its
virtual ground provides a handy..way. to
combine several signals without 'interac-
tion. Finally, if the circuit in’ question is
driven from the (stiff) output of another

op-amp, it makes no difference whether
the input impedance is 10k (say) or infinity,
because the previous stage has no trouble

driving it in either case.

p— out

Figure 4.8. Follower.

4.06 Follower

Figure 4.8 shows the op-amp version of an
emitter follower. It is simply a noninvert-
ing amplifier with R, infinite and Ro zero
(gain = 1). There are special op-amps, us-
able only as followers, with improved char-
acteristics (mainly higher speed), e.g., the
1.M310 and the OPA633, or with simpli-
fied connections, €.g., the TLO68 (which
comes in a 3-pin transistor package).

An amplifier of unity gain is sometimes
called a buffer because of its isolating
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properties (high input impedance, low
output impedance).

Vln
{from a voltage divider

or perhaps a signal) .

power
supply

com

Figure 4.10. Current source with grounded load
and floating power supply.

4.07 Current sources

The circuit in Figure 4.9 approximates an
ideal current source, without the Vpg off-
set of a transistor current-source. Nega-
tive feedback results in Vi, at the invert-
ing input, producing a current I = Vin /R
through the load. The major disadvan-
tage of this circuit is the “floating” load
(neither side grounded). You couldn’t gen-
erate a usable sawtooth wave with respect
to ground with this current source, for in-
stance. One solution is to float the whole
circuit (power supplies and all) so that you
can ground one side of the load (Fig. 4.10).
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The circuit in the box is the previous cur-
rent source, with its power supplies shown
explicitly. R; and R form a voltage di-
vider to set the current. If this circuit .
seems confusing, it may help to remind
yourself that “ground” is a relative con-
cept. Any one point in a circuit could be
called ‘ground. 'This circuit is useful for
generating currents into a load that is re-
turned to ground, but it has the disadvan-
tage that the control input is now floating;
SO you cannot program the output current.
with an input voltage referenced to ground.
Some solutions to this problem are pre-
sented in Chapter 6 in the discussion of
constant-current power supplies.

With this circuit the output current is
roportional to the voltage drop below
cc applied to the op-amp’s noninverting
input; in other words, the programming
oltage is referenced to Voo, which is fine
f Vip is a fixed voltage generated by a volt-
“age divider, but an awkward situation if
-an: external input is to be used. This is
‘femedied in the second circuit, in which a
imilar current source with npn transistor
s:used to convert an input voltage (refer-
:enced to ground) to a Vgg-referenced in-
ut to the final current source. Op-amps
d transistors are inexpensive. Don’t hes-
_itate to use a few extra components to im-
prove performance or convenience in cir-
cuit design.

ne important note about the last cir-
ciiit:- The op-amp must be able to operate
with-its inputs near or at the positive sup-
“ply-voltage. An op-amp like the 307, 355,
.or:OP-41 is good here. Alternatively, the
‘op-amp could be powered from a separate
voltage higher than Vee.

Current sources for loads
returned to ground

x
With an op-amp and external transistor it
is possible to make a simple high-quality
current source for a load returned to.
ground; a little additional circuitry makes
it possible to use a programming input ref-
erenced to ground (Fig. 4.11). In the first
circuit, feedback forces a voltage Voo —Vi
across R, giving an emitter current (and
therefore an output current) Iz = (Voo —
Vin)/R. There are no Vgg offsets, or their
variations with temperature, Ic, Veg, etc.,
to worry about. The current source is im-
perfect (ignoring op-amp errors: Ip, Voi):
only insofar as the small base current may
vary somewhat with Vo (assuming the
op-amp draws no input current), not too
high a price to pay for the convenience ofa
grounded load; a Darlington for @, would
reduce this error considerably. This error
comes about, of course, because the op-
amp stabilizes the emitter current, whereas’..-
the load sees the collector current. A vari
tion of this circuit, using a FET instead of
a bipolar transistor, avoids this problem al-
together, since FETs draw no gate current

+EXERCISE 4.1
hat is the output current in the last circuit for
en input voltage Vi, ?

Figure 4.12 shows an interesting vari-
ation-on the op-amp/transistor current

+Vee

Ry

Figure4.11. Current Sources
for grounded Joads that don’t
require ‘a-floating power sit
ply. 7

source: It has.the advantage of zero
base current error, which you get with
FETs, without being restricted to.output
currents less than Ipg(on)- In this circuit

(actually a current sink), Q. beginis to

FVpp

| Ioag—_l

P R‘
1009
w

Figure 4.12. FET/bipolar current source suit-
able for high currents.

conduct when @, is drawing about 0.6mA
drain current. With Q1’s minimum Ipss
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of 4mA and a reasonable value for Q2’s
beta, load currents of 100mA or more
can be generated (Q2 can be replaced by
a Darlington for much higher currents,
and in that case Ri should be reduced
accordingly). We've used a JFET in this
particular circuit, although a MOSFET
would be fine; in fact, it would be better,
since with a JFET (which is a depletion-
mode device) the op-amp must be run
from split supplies to ensure a gate voltage
range sufficient for pinch-off. It’s worth
noting that you can get plenty of current
with a simple power MOSFET (“VMOS”);
but the high interelectrode capacitances of
power FETs may cause problems that you
avoid with the hybrid circuit here.

Howland current source

Figure 4.13 shows a nice “textbook” cur-
rent source. If the resistors are chosen
so that R3/Rz = Ra/Ry, then it can be
shown that Ijoad = —Vin/Ra.

A, Ry
Vin

Ra

Il

Figure 4.13. Howland current source.

EXERCISE 4.2
Show that the preceding result is correct.

This sounds great, but there’s a hitch:
The resistors must be matched exactly;
otherwise it isn’t a perfect current source.

Even so, its performance is limited by the

CMRR of the op-amp. For-large output’:
currents, the resistors must be small, and

the compliance is limited. Also, at high

frequencies (where the loop gain is low, as
we'll learn shortly) the output impedance
can drop from the desired value of infinity |

to as little as a few hundred ohms (the op-
amp’s open-loop output impedance). As
clever as it looks, the Howland current
source is not widely used.

4.08 Basic cautions for op-amp circuits

1. In all op-amp circuits, golden rules I
and TI (Section 4.03) will be obeyed only
if the op-amp is in the active region, i.e.,
inputs and outputs not saturated at one of
the supply voltages.

For instance, overdriving one of the

amplifier configurations will cause output

clipping at output swings near Voo O
Vgg. During clipping, the inputs will
no longer be maintained at the same

voltage. The op-amp output cannot swing -

beyond the supply voltages (typically it can
swing only to within 2V of the supplies,
though certain op-amps are designed to
swing -all the way to one supply or the
other). Likewise, the output compliance
of an op-amp current SOurce is set by
the same limitation. The current source
with floating load, for instance, can put
a maximum of Vog — Vin across the
load in the “normal” direction (current
in the same direction as applied voltage)
and Vip — Vgg in the reverse direction
(the load could be rather strange, €.8.
it might contain batteries, requiring the
reverse sense of voltage to get a forward
current; the same thing might happen
with an inductive load driven by changing
currents).

2. The feedback must be arranged so
that it is negative. This means (among
other things) that you must not mix up the
inverting and noninverting inputs.
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-3, There must always be feedback at dc in
‘an op-amp circuit. Otherwise the op-amp
‘is guaranteed to go into saturation.

. For instance, we were able to put a
capacitor from the feedback network to
~ground in the noninverting amplifier (to
reduce gain at dc to 1, Fig. 4.7), but
we could not similarly put a capacitor in
series between the output and the inverting
input.

4. Many op-amps have a relatively small
maximum differential input voltage limit.

“The maximum voltage difference between
-'the  inverting and noninverting inputs

might be limited to as little as 5 volts in ei-
ther polarity. Breaking this rule will cause
farge input currents to flow, with degrada-
tion or destruction of the op-amp.

» We will take up some more issues of this
type in Section 4.11 and again in Section
7.06 in connection with precision circuit

N OP-AMP SMORGASBORD

‘ ] tl%e following examples we will skip the
‘detailed analysis, leaving that fun for you,
1e reader.

:09 Linear circuits

ptional inverter

he circuits in Figure 4.14 let you invert,

r amplify without inversion, by flipping

-switch. The voltage gain is either -+1 or
, depending on the switch position.

EXERCISE 4.3

“Show that the circuits in Figure 4.14 work as

iadvertised.

gllower with bootstrap

" AS with transistor amplifiers, the bias path
s can compromise the high input impedance
you would otherwise get with an op-amp,

10k
. in
5.1k

10k 10k

follower O b— out

O
invert i

A

A0k,

8

Figure 4.14

0.14F
in-—{
out

™

0.1pF

Figure 4.15

particularly with ac-coupled inputs, where
a.resistor to ground is mandatory. If that
is a problem, the bootstrap circuit shown
in Figure 4.15 is a possible solution. As
in the transistor bootstrap circuit (Section
2.17), the 0.1 uF capacitor makes the upper
1M resistor look like a high-impedance
current source to input signals. The low-
frequency rolloff for this circuit will begin
at about 10Hz, dropping at 12dB per
octave for frequencies somewhat below
this. Note: You might be tempted to
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A~

reduce the input coupling capacitor, since
its load has been bootstrapped to high
1mpedance Howeyer, this can. generate
a peak in the frequency response; in the
manner -of an active filter . (see : Section

pe dance to the sou:ce of 1nput current
can be fatal if the dev1ce prov1d1

variety sighal” diodes you use in circu
have a small photovoltaic eﬁ'ect (the
amusing stories of bizarre. circuit- be
finally traced to this effect). Figur

shows the good way to convert current'

Mo

—————

. output (+}

A

photovoltaic
diode

Figure 4.16

to voltage while holding the input strictly
at ground. The inverting 1nput is a vir-
tual ground; this is fortunate, since a pho-
tovoltaic diode can generate only a few
tenths of a volt. This particular circuit
has an output of 1 volt per microamp of
input current. (With BJT-input op-amps
you sometimes see a resistor connected be-
tween the noninverting input and ground;

its function -will be explained shortly- in

connection with op-amp shortcomings.)
Of course, this transresistance configu-

ration can be used equally well for devices

" that source their current via some positive

excitation voltage, such as Voco. Photo-
multiplier tubes and phototransistors (both
devices:that source current from a positive
supply :‘when exposed to light) are often
used. this way (Fig. 4.17).

+16

10k

~

{nobase
- _connection)

Figre 4.17

" EXERGISE 4.4
Use a 411 and a 1mA (full scale) meter to

“gonstruct a “perfect” current meter (i.e., one

with zero input impedance) with 5mA full scale.

Design the circuit so that the meter will never
be driven more than £150% full scale. Assume
thatthe 411 outputcan swingto 13 volts (+15V
supplies) and that the meter has 500 ohms
internal resistance.

. Differential amplifier

The circuit in Flgure 4.18is a d1ﬁ‘erent1a1
amplifier with gain Rg2/R;. As with the
current source that used matched resistor
ratios, this circuit requires precise resistor
matching to achieve high common-mode
rejection ratios. The best procedure is
to stock up on a bunch of 100k 0.01%
resistors mext time you have a chance.
All your differential amplifiers will have

unity gain, but that’s easily remedied with °

further (smgle-ended) stages of gain. ‘We
will treat differential amplifiers in more
detail in Chapter 7.
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AAM————
Ay
Vi — VWA~ -
—— Voul
V, +
R

R, R
=2
Vo " T, V2= Vi)

Figure 4.18. Classic differential amplifier.

Summing amplifier

The circuit shown in Figure 4.19 is just a
variation of the inverting amplifier. Point
X is a virtual ground, so the input current
is Vi/R + Vo/R + Va/R. That gives
Vo = —(Vi + Vo + V3). Note that
the inputs can be positive or negative.
Also, the input resistors need not be equal;
if they’re unequal, you get a weighted
sum. For instance, you could have four
inputs, each of which is +1 volt or zero,
representmg binary values 1, 2, 4, and
8. By using input resistors of 10k, 5k,
2.5k, and 1.25k you will get an output
in volts equal to the binary count input.
This scheme can be easily expanded to
several digits. It is the basis of digital-
to-analog conversion, although a different
input circuit (an R — 2R ladder) is usually
used.

EXERCISE 4.5
Show how to make a two-digit digital-to-analog

converter by appropriately scaling the input

resistors in a summing amplifier. The digital

7 input represents two digits, each consisting of
- four lines that represent the values 1, 2, 4, and
: 8 for the respective digits. An input line is either

: “at+1 volt or at ground, i.e., the eight input lines
‘represent 1,2, 4, 8, 10, 20, 40, and 80. Because

op-amp outputs generally cannot swing beyond

#1413 volts, you will have to settle for an output

in volts equal to one-tenth the value of the input

L Vou

Figure 4.19

1uF

0.001uF 0.0033pF

A
f
50Hz (3180us)
+20dB
+10dB 6dB/octave
. : fa
£ 2120Hz {75 ps)
@  0dB |- f
500Hz (318us)
- —10dB [~
6dB/octave

frequency {log scale) ——
B

Figure 4.20. Op-amp RIAA phono playback
amplifier.

RIAA preamp

The RIAA preamp is an example of an am-
plifier with a specifically tailored frequency
response. Phonograph records are cut with.
approximately flat amplitude characteris-
tics; magnetic pickups, on the other hand,
respond to velocity, so a playback ampli-
fier with rising bass response is required.
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The circuit shown in Figure 4.20 produces
the required response.: ‘The-RIAA play-
back amplifier frequency feSpqnsel_(re}ative
to 0dB at 1kHz):is shown'in the:graph,
with the br»eakpc)ir’itsigivcn"infte f
constants.: The 47uF capacitor i
rolls off the gain. to unity at-dc, wher

would otherwise be about 1000; as we have
hinted earlier; the reason is to ‘avoid.ampli-
fication of dc input “offsets.” The LM833
is-a low-noise dual op-amp intended for
audio “applications (a “gold-plated” op-
amp-for-this application is the ultra-low-
noisé IT1028, which is 13dB quieter, and
10dB more expensive, than the 833Y).

+Veo

output

1.0k 1.0k

Figure 4.21

Power booster

For high output current, a power transis-
tor follower can ‘be-hung on an op-amp
output (Fig. 421). In this case a nonin-
verting amplifier has been drawn; the fol-
lower can be added to any op-amp configu-
ration. Notice that feedback is taken from
the emitter; thus, feedback enforces the de-
sired output voltage in spite of the VBE
drop. This circuit has the usual problem
that the follower output can only source
current. As with transistor circuits, the
remedy is a push-pull booster (Fig. 4.22).
You will see later that the limited speed
with which the op-amp can move its out-
put (slew rate) seriously limits the speed

AN OP-AMP SMORGASBORD
4.10 Nonlinear circuits

Power supply

An op-amp can provide the gain for a
feedback voltage regulator (Fig. 4.23). The
op-amp compares a sample of the output
with the zener reference, changing the
drive to the Darlington “pass transistor”
as needed. This circuit supplies 10 volts
regulated, at up to 1 amp load current.
Some notes about this circuit: .

1. The voltage divider that samples the
output could be a potentiometer, for ad-

Figure 4.22 . . justable output voltage.
: 2. For reduced ripple at the zener, the 10k
2N3055 + heat sink resistor should be replaced by a current
\\\ \// source. Another approach is to bias the

~
~

'///

input
+12V to +30V

Y iated) advantage of the regulator you have built.
nreg

Caution: When using this trick, you must
analyze the circuit carefully to be sure it
will start up when power is first applied.

. 3. The circuit as drawn could be damaged
: by a temporary short circuit across the out-
put, because the op-amp would attempt to
:drive the Darlington pair into heavy con-
duction. Regulated power supplies should
“always have circuitry to limit “fault” cur-
rent (see Section 6.05 for more details).

4. Integrated circuit voltage regulators are
available in tremendous variety, from
the time-honored 723 to the convenient 3-
terminal adjustable regulators with inter-
hal current limit and thermal shutdown
(see Tables 6.8-6.10). These devices,
mplete with temperature-compensated

5.6V
1N4734

Figure 4.23

of this booster in the crossover region;
creating distortion. For slow-speed appli-
cations you don’t need to bias the push
pull pair into quiescent conduction, be
cause feedback will take care of most of*
the crossover distortion. Commercial op-:
amp power. boosters are available, e.g., the":
1T1010, OPA633, and 3553. These are-
unity-gain push-puil amplifiers capable of:
200mA of output current and operation to
100MHz and above. You can include them"
inside the feedback loop without any wor-
ries (See Table 7.4).

+Vee.

2N3055

Figure 4.24

zener from the output; that way you take .

internal zener reference and pass transis-
tor, are so easy to use that you will almost
never use a general-purpose op-amp as a
regulator. The exception might be to gen-
erate a stable voltage within a circuit that
already has a stable power-supply voltage
available.

In Chapter 6 we will discuss voltage
regulators and power supplies in detail,
including special ICs intended for use as
voltage regulators. - . ... :

4,10 Nonlinear circuits

Power-switching driver

For loads that are either on or off, a switch-
ing transistor can be driven from an op-
amp. Figure 4.24 shows how. Note the
diode to prevent reverse base-emitter
breakdown (op-amps easily swing more
than —5V). The 2N3055 is everyone’s
power transistor for noncritical high-
current applications. A Darlington (or
power MOSFET) can be used if currents
greater than about 1 amp need to be
driven. :

Active rectifier

Rectification of signals smaller than a
diode drop cannot be done with a sim-
ple diode-resistor combination. As usual,
op-amps come to the rescue, in this case
by putting a diode in-the feedback loop
(Fig. 4.25). For Vi, positive, the diode pro-
vides negative feedback; the output follows
the input, coupled by the diode, but with-
out a Vg drop. For Vin negative, the op-
amp goes into negative saturation and Vout
is at ground. R could be chasen smaller for
lower output impedance, with the tradeoff
of higher op-amp output current. A better
solution is to use an Op-amp follower at
the output, as shown, to produce very low
output impedance regardless of the resistor
value.
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1 diode drop

//\\L\

output

op-amp \ input
" output \

Effect of finite slew rate on the

Figure 4.26.
simple active rectifier.

s

There is a problem with this circuit that
becomes serious with high-speed signals.
Because an op-amp cannot swing its output
infinitely fast, the recovery from negative
saturation (as the input waveform passes
through zero from below) takes some time,
during which the output is incorrect. It
looks something like the curve shown in
Figure 4.26. The output (heavy line) is an
accurate rectified version of the input (light
line), except for.a.short time interval after
the input rises through zero volts. During
that interval the op-amp output is racing
up from saturation near ~VgEg, so the cir-
cuit’s output is still at ground. A general-
purpose op-amp like the 411 has a slew rate
(maximum rate at which the output can
change) of 15 volts per microsecond; re-
covery from negative saturation therefore
takes about 1us, which may introduce sig-
nificant output error for fast signals. A
circuit modification improves the situation
considerably (Fig. 4.27).

“drops as the input signal passes through

" plications we’ve discussed, for instance the
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relatively straightforward, in terms of the
kinds of transistor circuits we discussed
in the last chapter. It has a differential
input stage with current mirror load,
followed by a common-emitter npn
stage (again with active load) that pro-
vides most of the voltage gain. A pnp
emitter follower drives the push-pull emit-
~ ter follower output stage, which includes
current-limiting circuitry.  This circuit
is typical of many op-amps now avail-
able. For many applications the prop-
erties of these amplifiers approach ideal
op-amp performance. characteristics. We
will now take a look at the extent
" to which real op-amps depart from the

10k 0,K _,]—//

D, K

Figure 4.27. Improved active rectifier.

D; makes the circuit a unity-gain
inverter for negative input signals. Dy
clamps the op-amp’s output at one diode .
drop below ground for positive inputs, and
since D; is then back-biased, Voyus sits at
ground. The improvement comes because
the op-amp’s output swings only two diode

ideal, what the consequences are for circuit
design, and what to do about it.

4,11 Departure from ldeal op-amp
performance’

" Common—modé',\iéliagé’fgaih :
5. Vout = 0 when both. inputs. are at the
same voltage (zero * oifset .voltage’
6. Output can change instantaneous

(infinite slew rate) oL

zero. Since the op-amp output has to slew
only about 1.2 volts instead of Veg volts;
the “glitch” at zero crossings is reduced
more than tenfold. This rectifier is invert-
ing, incidentally. If you require a nonins
verted output, attach a unity-gain inverter '

Qs Qs Ou\q

to the output.

The performance of these circuits is im
proved if you choose an op-amp with a
high slew rate. Slew rate also influences
the performance of the other op-amp ap-

simple voltage amplifier circuits. At this
pomt it is worth pausing for a while to see
in what ways real op-amps depart from the

3000
a,

(23

‘{ 30pF o
20
. ta, .

ideal, since that influences circuit design,
as we have hinted on several occasions. A
good understanding of op-amp limitations
and their influence on circuit design and
performance will help you choose your op-
amps wisely and design with them effec-
tively.

.

Rg Ay A
50k % 1000 50k
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OP-AMP BEHAVIOR

nulf null

Figure 4.28 shows: the schematic of the
741, a very popular op-amp. Its circuit is
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All of these characteristics are indepen-
dent of temperature and supply voltage
changes.

Real op-amps depart from these char-
acteristics in the following ways (see Table
4.1 for some typical values).

|

input current

The input terminals sink (or source, de-
pending on the op-amp type) a small
current called the input bias current, I,
which is defined as half the sum of the in~
put currents with the inputs tied together
(the two input currents are approximately
equal and are simply the base or gate cur-
rents of the input transistors). For the
JFET-input 411 the bias current is typi-
cally 50pA at room temperature (but as
much as 2nA at 70°C), while a typical BJT-
input op-amp like the OP-27 has a typical
bias current of 15nA, varying little with
temperature. As a rough guide, BJT-input
op-amps have bias currents in the tens of
nanoamps, while FET-input op-amps have
input currents in the tens of picoamps (i.e.,
1000 times lower). Generally speaking,
you can ignore input current with FET op-
amps, but not with bipolar-input op-amps.

The significance of input bias current
is that it causes a voltage drop across
the resistors of the feedback network, bias
network, or source impedance. How small
a Tesistor this restricts you to depends on
the dc gain of your circuit and how much
output variation you can tolerate. You will
see how this works later.

Op-amps are available with input bias
currents down to a nanoamp or less for
(bipolar) transistor-input circuit types or
down to a few picoamps (107%pA) for
FET-input circuit types. The very lowest
bias currents are typified by the superbeta
Darlington LM11, with a maximum input
current of 50pA, the AD549, with an
input current of 0.06pA, and the MOSFET
ICH8500, with an input current of 0.01pA.
In general, transistor op-amps intended

for high-speed operation have higher bias
currents.

Input offset current

Input offset current is a fancy name for
the difference in input currents between
the two inputs. Unlike input bias current,
the offset current, Ios, is a result of man-
ufacturing variations, since an op-amp’s
symmetrical input circuit would otherwise
result in identical bias currents at the two
inputs. The significance is that even when
it is driven by identical source impedances,
the op-amp will see unequal voltage drops
and hence a difference voltage between its
inputs. You will see shortly how this influ-
ences design. s

Typically, the offset current is one-half
to one-tenth the bias current. For the 411,
I et = 25PA, typical.

03 Input impedance

Input impedance refers to the differential
input resistance (impedance looking into
one input, with the other input grounded),
which is usually much less than the com-
mon-mode resistance (a typical input stage
looks like a long-tailed pair with current
source). For the FET-input 411 it is about
102 ohms, while for BJT-input op-amps
like the 741 it is about 2MS. Because of
the input bootstrapping effect of negative
feedback (it attempts to keep both inputs
at the same voltage, thus eliminating most
of the differential input signal), Zi, in
practice is raised to very high values and
usually is not as important a parameter as
input bias current. '

O Common-mode input range

The inputs to an op-amp must stay within
a certain voltage range, typically less than
the full supply range, for proper operation.
If the inputs go beyond this range, the
gain of the op-amp may change drastically,
even reversing sign! For a 411 operating

from =15 volt supplies, the guaranteed
_ common-mode input range is *11 volts
minimum. However, the manufacturer
claims that the 411 will operate with
common-mode inputs all the way to the
positive supply, though performance may
be degraded. Bringing either input down
to the negative supply voltage causes the
" amplifier to go berserk, with symptoms like
phase reversal and output saturation to the
positive supply. .
There are op-amps available with com-
mon-mode input ranges down to the neg-
ative supply, e.g., the 1.M358 (a good dual
op-amp) or the 1.M10, CA3440, or OP-22,

and up to the positive supply, e.g., the 301,

OP-41, or the 355 series. In addition to the
operating common-mode range, there are
maximum allowable input voltages beyond
which damage will result. For the 411 they
are =15 volts (but not to exceed the nega-
tive supply voltage, if it is less).

Differential input range

Some bipolar op-amps allow only a lim-
ited voltage between the inputs, sometimes
as small as £0.5 volt, although most are
more forgiving, permitting differential in-
puts nearly as large as the supply voltages.
Exceeding the specified maximum can de-
grade or destroy the op-amp.

0 Output impedance; output swing
versus load resistance

Output impedance Ro means the op-amp’s
intrinsic output impedance without feed-
back. For the 411 it is about 40 ohms,
but with some low-power op-amps it can
be as high as several thousand ohms (see

Fig. 7.16). Feedback lowers the output im- -

pedance into insignificance (or raises it, for
a current source); SO what usually matters
more is the maximum output current, with
typical values of 20mA or 0. This is fre-
quently given as a graph of output voltage
swing V,, as a function of load resistance,
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or sometimes just a few values for typi-
cal load resistances. Many op-amps have
asymmetrical output drive capability, with
the ability to sink more current than they
can source (or vice versa). For the 411,
output swings to within about 2 volts of
Ve and Vigg are possible into load resis-
tances greater than about k. Load resis-
tances significantly less than that will per-
mit only a small swing, Some op-amps can
produce output swings all the way down
to the negative supply (e.g., the 1.M358), a
particularly useful feature for circuits op-
erated from a single positive supply, since
output swings all the way to ground are
then possible. Finally, op-amps with MOS
transistor outputs (e.g., the CA3130, 3160,
ALD1701, and ICL761x) can swing all the
way to both rails. The remarkable bipo-

“ar LM10 shares this property, without the
limited supply voltage range of the MOS
op-amps (usually +8V max).

O Voltage gain and phase shift

Typically the voltage gain Ay, at dc is
100,000 to 1,000,000 (often specified in
decibels), dropping to unity gain at a fre-
quency (called fr) of 1MHz to 10MHz.
This is usually given as a graph of open-
loop voltage gain as a function of frequen-
cy. For internally compensated op-amps
this graph is simply a 6dB/octave rolioff
beginning at some fairly low frequency (for
the 411 it begins at about 10Hz), an inten-
tional characteristic necessary for stability,
as you will see in Section 4.32. This rolloff
(the same as a simple RC low-pass filter)
results in a constant 90° lagging phase shift
from input to output (open-loop) at all fre-
quencies above the beginning of the rolloff,
increasing to 120° to 160° as the open-loop
gain approaches unity. Since a 180° phase
shift at a frequency where the voltage gain
equals 1 will result in positive feedback
(oscillations), the term «phase margin” is
used to specify the difference between the
phase shift at fr and 180°.
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Input offset voltage

Op-amps don’t have perfectly balanced in-
put stages, owing to manufacturing vari-
ations. 1If* you connect the two inputs to-
gether for'zero input signal, the output will
usually saturate at either Vog or Vg (you
dan ‘ predlct whxch) The difference in in-

s"called the input offset voltage
Vos (it's” as if there were a battery of that
voltage in series with one of the inputs).
Usually op- amps make provision for trim-
ming the mput offset voltage to zero. Fora
411 you use a 10k pot between pins 1 and
5, with'the wiper connected to Vgg.
of greater importance for precision ap-
plications is the drift of the input offset
voltage with temperature and time, smce
any initial offset can be trimmed to Zero.
A 411 has a typical offset voltage of 0.8mV
(2mV maximum), with temperature coefﬁ—
cient (“tempco™) of 7uV/°C and.uinspec-
ified coefficient of offset drift with time.

The OP-77, a precision op-amp, is laser-.
trimmed for a typical offset of 10 ‘micro-

volts, with temperature coefficient T'C Vo,
of 0.2uV/°C and long—term drift--of
0.2 V/month.

Slewrate . . ...

The ~Qp- amp comperxsatlo
ance (drscussed further :in' Section4.32)
and .small-internal’ drivescurrents -act ;to-

gether to limit the rate: at which'the:output .

can change, even: when alarge.inpiit unbal-
ance occurs. This: lrmrtrng specd is* usually
specified as slew rate:or slewing rate:(SR).
For the 411 it is 15V/us;:low-power- op-

amps typically have slew rates. less than

1V/us, while a high-speed op-amp might
slew at 100V/us, and the LH0063C “damn
fast buffer” slews at 6000V/us. The slew
rate limits the amplitude of an undistorted
sine-wave output swing above some criti-
cal frequency (the frequency at which the
full supply swing requires the maximum
slew rate of the op-amp, Fig. 4.29), thus

voltages neceéssary to bring the output

explaining the “output voltage . swing as
a function of frequency” graph. A sine
wave of frequency f hertz and amplitude

A volts requires a minimum slew rate of

2wAf volts per second.

£1avp’

3Vfus
o = 34%

the horrendous effects on input-stage per-
formance caused by temperature gradients.
We will have much more to say about this
subject in Chapter 7.

For completeness, we should mention
here that op-amps are also limited in com-
mon-mode rejection ratio (CMRR), power-
" supply rejection ratio (PSRR), input noise
voltage and current (en, ir), and output
crossover distortion. These become signif-
" icant limitations only in connection with
precision circuits and low-noise amplifiers,

1V{us

{frmax = 11kH2Z)
maximum

slew rate

L at zero crossing

-14v

Figure 4.29. Slew-rate-induced distortion.

“For externally compensated op-amps
the slew rate depends on the compensation

network used. In general, it will be lowest

for “unity gain compensa@\on increasing
to perhaps 30 times faster for X100 gain

compensation. This is discussed further in

Section 4.32.

Temperature dependence

All these parameters have some temper-
ature dependence. However, this usually

doesn’t make any difference, since small

variations in gain, for example, are almost
entirely compensated by feedback. Fur-
thermore, the variations of these param-
eters with temperature are typically small
compared with the variations from unit to
unit.

The exceptions are input offset voltage
and input offset current. This will mat-
ter, particularly if you've trimmed the off-
sets approximately to zero, and will ap-
pear as-drifts in the output. When high
precision is important, a low-drift “instru-
mentation” op-amp should be used, with
external loads kept above 10k to minimize

. and they will be treated in Chapter 7.

' 4.12 Effects of op-amp limitations on
circuit behavior

Let’s go back and look at the mvertmg
amplifier with these limitations in mind.
You will see how they affect performance,
~and you will learn how to design effectively
in spite of them. With the understanding
you will get from this example, you should
‘be able to handle other op-amp circuits.
‘Figure 4.30 shows the circuit again.

) pen-loop gain

ecause of finite open-loop gain, the volt-
ige gain of the amplifier with feedback
{(closed-loop gain) will begin droppmg at
-a‘frequency where the open-loop gain ap-
-proaches Rp/R; (Fig. 4.31). For garden-
variéty op-amps like the 411, this means
~thatyou’re - -dealing with a relatively low
- fréquency amplifier; the open-loop gain is
-down to 100 at 50kHz, and fT is 4MHz.
Note that the closed-loop gain is always

less than the open-loop gain; this means,
for instance, that a x100 amplifier built
with a 411 will show a noticeable falioff of
gain for frequencies approaching 50kHz.

Later in the chapter (Section 4.25), when
we deal -with. transistor feedback circuits
with finite open-loop gains, we will have a
more accurate statement of this behavior.

106 —
108
open-loop
104 - gain
£
= 103_
&
= 102
2 closed-loop
101 gain
1k
SSEY EN S I S Y
: 1 10 100 1k 10k 100k 1M 10M
frequency (Hz)
Figure 4.31. LF411 gain versus frequency

(“Bode plot™).

a0
36—
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28
24
20

Vg = £15V
T4 =25°C
Ry =10k

peak-to-peak voitage swing V)

™M 10M

1
10k

100k
frequency (Hz)

Figure 4.32. Output swi?‘rg versus frequency
(LF411).

Slew rate

Because of limited slew rate, the maximum
undistorted sine-wave output swing drops
above a certain frequency. Figure 4.32
shows the curve for a 411, with its 15V/pus
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slew rate. For .slew rate S, the output
amplitude is.limited to A(pp) < S/xf for
a sine wave.of frequency f, thus explaining
the -1/f..dropoff .of the curve. The flat
portion . of the.curve reflects the power-
supply limits of output voltage swing.

. sAstan aside, the slew-rate limitation of .

op ‘amps can be usefully exploited to filter
sharp noise spikes from a desired signal,
with a technique known as nonlinear low-
pass filtering: By deliberately limiting the
slew rate, the fast spikes can be dramati-
cally reduced without any distortion of the
underlying signal.

Output current

Because of limited output current capabil-
ity, an op-amp’s output swing is reduced
for small load resistances. Figure 4.33
shows the graph for a 411. For precision
applications it is a good idea to avoid large
output currents in order to prevent on-chip
thermal gradients produced by excessive
power dissipation in the output stage.

28
26
24

peak-to-peak output swing (V)
>

| I I | | J
01 02 05 10 20 50 10

load resistance (k)

Figure 4.33. Output swing versus load (LF411).

Offset voltage

Because of input offset voltage, a zero
input produces an output of Vou =
G4cVos. For an inverting amplifier with
voltage gain of 100 built with a 411, the

output could be as large as +0.2 volt when
the input is grounded (Vo5 = 2mV max).
Solutions: (a) If you don’t need gain at dc;

use a capacitor to drop the gain to unity at-

dc, as in Figure 4.7, as well as the RIAA
amplifier circuit (Fig. 4.20). In this case
you could do that by capacitively coupling
the input signal. (b) Trim the voltage
offset to zero using ‘the manufacturer’s
recommended trimming network. (c) Use
an op-amp with smaller Vo5, (d) Trim
the voltage offset to zero using an external
trimming network as described in Section
7.06 (Fig. 7.5). :

Input bias current

Even with a perfectly trimmed op-amp
(i.e., Vo5 = 0), our inverting amplifier cir-
cuit will produce a non-zero output volt-
age when its input terminal is connected
to ground. That is because the finite input
bias current, Ig, produces a voltage drop
across the resistors, which is then ampli-
fied by the circuit’s voltage gain. In this
circuit the inverting input sees a driving
impedance of R; || Rz, so the bias current
produces a voltage Vin = Ip(R1 || Ra),
which is then amplified by the gain at dc,
—Ry/Ry.

With FET-input op-amps the effect is
usually negligible, but the substantial input
current of bipolar op-amps can cause real
problems. For example, consider an in-
verting amplifier with R; = 10k and Ry =
1M; these are reasonable values

for an inverting stage, where we might °
like to keep Zi, at least 10k. If we ~

chose the low-noise bipolar LM833, the
output (for grounded input) could be as
large as 100x1000nA % 9.9k, or 0.99 volt
(GacIsRunbalance), Which is unacceptable.
By comparison, for our jellybean LF411
(JFET-input) op-amp the corresponding
worst-case output (for grounded input) is
0.2mV; for most applications this is neg-
ligible, and in any case is dwarfed by the
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V,s-produced output error (200mYV, worst-
case untrimmed, for the LF411).
There are several solutions to the prob-
lem of bias-current errors. If you must use
an op-amp with large bias current, it is a
good idea to ensure that both mputs see
the same dc driving resistance, as in Fig-
ure 4.34. In this case, 9.1k is chosen as
the parallel resistance of 10k and 100k. In
addition, it is best to keep the resistance of
the feedback network small enough so that
bias current doesn’t produce large offsets;
typical values for the resistance seen from
the op-amp inputs are 1k to 100k or so.
A third cure involves reducing the gain to
unity at dc, as in the RIAA amplifier ear-
lier.

100k

10k

— VWVt
8.1k bipolar op-amp
Figure 4.34. With bipolar op-amps, use a

compensation resistor to reduce errors caused
by input bias current.

In most cases, though, the simplest so-
lution is to use op-amps with negligible in-
‘put current. Op-amps with JFET or MOS-
FET input stages generally have input cur-

" :rents in the picoamp range (watch out for
“its rapid rise versus temperature, though,
:roughly doubling every 10°C), and many
‘modern bipolar designs use superbeta tran-
“.sistors or bias-cancellation schemes to

:achieve bias currents nearly as low, de-
-creasing slightly with temperature. With

',ﬁthese op-amps, you can have the advan-
" tages of bipolar op-amps (precision,

lo_w noise) without the annoying problems

caused by input current. For example,
the precision low-noise bipolar OP-27 has
Ip =10nA(typ), the inexpensive blpolar
LM312 has Iz =1:5nA (typ), and its im-
proved bipolar cousins (the LT1012 and
LM11) have Ig = 30pA (typ). Among in-
expensive FET op-amps, the JFET LF411
has Ip = SOpA (typ), and the MOSFET
TLC270 séries,-priced under a dollar, have
Ip = 1pA (typ) C

Input offset currenti -

As we just described, it is_
design circuits so that circu kxmpedances
combined with op-amp blas current;; .pro:
duce negligible errors. However, occasion-:
ally it may be necessary to use.an.op-amp
with high bias current, or to deal with sig-
nals of extraordinarily high Thévenin im-
pedances. In that case the best you can
do is to balance the dc driving resistances
seen by the op-amp at its input termi-
nals. There will still be some error at the
output (Gaelofset Rsource), due to unavoid-
able asymmetry in the op-amp input cur-
rents. In general, Iogset is smaller than
Iiias by a factor of 2 to 20 (with bipolar
op-amps generally showing better match-
ing than FET op-amps).

In the preceding paragraphs we have
discussed the effects of op-amp limitations,
ta.kmg the example of the simple invert-
ing voltage amplifier circuit. Thus, for
example, op-amp input current caused a
voltage error at the output. In a different
op-amp application you may get a different
effect; for example, in an op-amp
integrator circuit, finite input current
produces an output ramp (rather than
a constant) with zero applied mput
As you become familiar with op-amp cir-
cuits you will be able to predlct the ef-
fects of op-amp limitations in a given
circuit and therefore choose which op-
amp to use in a given application. In
general, there is no “best” op-amp (even
when price is no object): For example,
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output significantly, but they must not be
so large that input bias current prqduces
sizable: offsets. ‘High impedances in the
feedback network also increase suscepti-
bility to ‘capacitive pickup qf interfering
signals and increase the loading effects qf
stray " capacitance. These trade-offs typi-
cally dictate resistor values of 2k to 100k
with general-purpose op-amps.

Similar sorts of trade-offs are involved
in almost all electronic design, including
the simplest circuits constructed with tran-
sistors. For instance, the choice of quies-
cent current in 2 transistor amplifier is lim-
ited at the high end by device dissipation,
increased input current, excessive supply
current, and reduced current gain, whereas

the lower limit of operating current is lim- . is a popular group of op-amps known as

ited by leakage current, reduced current
gain, and reduced speed (from stray capac-
itance in combination with the high resis-
tance values). For these reasons you typ-
jcally wind up with collector currents in
the range of a few tens of microamps’ to
a few tens of milliamps (higher foy power
circuits, sometimes 2 bit lower 1n “m}-
cropower” applications), as mentioned in

Chapter 2. ‘

POPULAR OP-AMPS

Sometimes a new op-amp comes along at just th

of perfo’rménce. convenience, and price. Several cor
"second-sourced"),~designers become familiar with it, and you have & hit.

popular favorites qf recent times:
301
741

e right time, filling & vacuum with its combination
| companies begin to manufacture it (it becomes

First eésy-to-t]se op-amp; first use of “lateral pnp.” External compensation. National.
The industry standard for many years. Internal compensation. Fairchild.

1458 Motorola’s answer o the 741;two 741sina mini-DIP, with no offset pins. o
superbeta, guaranteed drift specifications.
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In the next three chapters we will look:
more carefully at some of these problems:
in order to give you a good understanding -
of the trade-offs involved.

microamps to a few milliamps. The
slew rate, gain-bandwidth product fr,
and input bias current are all roughly
proportional to the programmed operating
current. When programmed to operate at
a few microamps, programmable op-amps
are extremely useful in battery-powered
circuits. We will treat micropower design
in detail in Chapter 14.

The 4250 was the original programma-
ble op-amp, and it-is still a good unit for
many applications. Developed by Union
Carbide, this classic is now “second- -
sourced” by many manufacturers, and it

even comes in duals and triples (the 8022
and 8023, respectively). As an example of
the sort of perforniance you can expect for
operation at low:supply currents, let’s look
at the 4250 running at 10pA. To get that
operating:.current,"-we;'h‘ave to supply a bias
current of :1.5A with-an ‘external resistor.
When-it ds-operated -at that current, fris
75kHz, ‘the slew: rate is:0.05V/ps, and the
input bias:cuirent Ig7is 3nA. At low op-
erating currents the.output:drive capabil-
ity is reduced considerably,:and.the open-
loop output impedance.risésito stounc
ing levels, in this case-about 3 At:]

EXERCISE 4.6 . .
Draw a dec-coupled inverting amplifier with gain
of 100 and Zy, = 10k Include compensation
for input bias current, and show offset voltage
trimming network (1 Ok pot between pins 1 and
5, wiper tied to V_). Now add circuitry so that

Zin > 108 ohms.

4.13 Low-power and
programmable op-amps

For battery-p owered applications there : THE 741 AND TS FRIENDS_
" Bob Widlar designed the first really successful monolithic op-amp back in 1965, the Fair&;hild pA769.
it achieved great popularity, but ithad some problems, in particular the tendency to go intoa latch-up
" mode when the input was overdriven and its lack of output short-circuit protection. 1t also required

éexternal frequency compensation {two capacitors and one resistor) and had a clumsy offset trimming

circuit (again requiring three external components). Finally, its differential input voltage was limited
1o 5 volts.

“programmable op-amps,” because all of
the internal operating currents are set by
an externally applied current at a bias
programming pin. The internal quiescent
currents are all related to this bias current
by current mirrors, rather than by internal
resistor-programmed current sources. As
a consequence, such amplifiers can be
programmed 10 operate over a wide range -
of supply currents, typically from a few -

‘dp-amp with short-circuit protection, freedom from fatch-up, and a 30-volt differential input range.
‘Widlar didn’t provide internal frequency compensation, however, because he liked the flexibility of
‘user compensation. The 301 could be compensated with a single capacitor, but because there was
.only one unused pin remaining, it still required three external components for offset trimming.
Meanwhile, over at Fairchild the answer to the 301 (the now-famous 741) was taking shape. 1t
ad the advantages of the 301, but Fairchild engineers opted for internal frequency compensation,
eeing two pins to allow simplified offset trimming with a single external trimmer. Since most circuit
pplications don't require offset trimming (Widiar was right), the 741 in normal use requires no
omponents other than the feedback network itself. The rest is history - the 741 caught on like
jildfire and became firmly entrenched as the industry standard. s )
There are now numerous 741-type amps, essentially similar in design and performance, but with
ious features such as FET inputs, dual or quad units, versions with improved specifications,
pcompensated and uncompensated versions, etc. We list some of them here for reference and as
‘demonstration of man's instinct to clutch onto the coattails of the famous (see Table 4.1 for a more
omplete listing).

Here is a list of some

308 National's precision op-amp-. Low power, ¢ . Dual units Quad units
324  Popular quad op-amp (358=dual, mini-DIP). Single-supply operation. National. _ fast (10V/ps) 741 dual 741 MC4741  quad 741(alias 348)
355  All-purpose bi-FET op-amp (356, 357 faster). Practically as precise as papole}r, but .faster low noise OP-04 precision OP-11 precision
and lower input current. National. (Fairchild tried to get the FET ball r.ollmg with their 740, D precision 1458 mini-DIP package _4136 fast (3MHz)
i f poor performance. Would you pelieve 0.1V input offset?) =4l low power (35pA) 4558 fast (15V/ps) HA4605  fast (4Vips)

which flopped because of p ) <hensive series of singles LF13741 FET low input current TLO82 FET, fast (similar  TLO84 FET, fast (similar
TLO81 Texas Instruments’ answer to the 355 series. Low-cost compr ' - e uncompensated 10 LF353) to LF347)

duals, quads; low power, low noise, many package styles. o . ] fast (25V/ps) LF412 FET, fast
LF411 National’s improved bi-FET series. Low offset, low bias, fast, low distortion, high output FET, fast (similar to LF351)

current, low cost. Dual (LF412) and jow-power variants (LF441/2/4). FET, fast

Widiar moved from Fairchild to National, where he went on to design the LM301, an improved
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operating currents the input noise voltage
rises, while the input noise current drops
(see Chapter 7). The 4250 specifications
claim that it can run from as little as 1

volt total suppl
minimum suppl

not be terribly relevant in an actual circuit,

y voltage, but the claimed
y voltages of op-amps may

particularly where any significant output
swing or drive capability is needed.
The 776 (or 3476) is an upgraded 4250,

with better output-stage performance at

lower currents.

The

346 is a nice quad

programmable op-amp, with three sections
programmed by one of the programming
inputs, and the fourth programmed by the
other. Some other programmable op-amps
constructed with ordinary bipolar transis-
tors are the OP-22, OP-32, HA2725, and
CA3078. Programmable CMOS op-amps
include the ICL7612, TLC251, MC14573,
and CA3440. These feature operation at

very low supply
the TLC251) and,

voltage (down to 1V for
for the astounding 3440,

operation at quiescent currents down to
The 7612 and 251 use a

20 nanoamps.

variation of the usual

programming

scheme; their quiescent current is pin-
selectable (10pA, 100pA, or 1mA),
agco;ding to whether the programming
pin is connected to V, or V_ or is left
open.

In addition to these op-amps, there are
several nonprogrammable op-amps that
have been designed for low supply currents
and low-voltage operation and should
be considered for low-power applications.
Notable among these is the outstanding
bipolar LM10, an op-amp that is fully
specified at 1 volt total supply voltage
(£0.5V, for example). This is extraordi-
nary, considering that Vgg increases
with decreasing temperature and is
close to 1 volt at —~55°C, the lower limit
of the LM10’s operating range. Some
other excellent “micropower” Op-amps
(and their operating currents) are the
precision OP-20 (40pA), OP-90 (12pA),
and LT1006 (90pA), the inexpensive quad
1P324 (20pA per amplifier), the JFET
LF441/2/4 (150pA per amplifier), and
gle)MOSFET TLC27L4 (10pA per ampli-
er). :

output
—
—1.0V/decade

Figure 4.35. Logarithmic converter. Q1 and Q2 compose a monolithic matched pair.

"~ Ry converts Vin tO 2 current, owing to
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e

TABLE 4.3. HIGH-VOLTAGE OP-AMPS

Total supply Diff’} g Slew Output Paiss 5
————— input® 8 tp  rate current (50°C) E
min ‘max max ExE tp e max max &
GE (MHz)  (Vips) (mA) w Case® Comments

Type Mig® (V) M) (V) wuir
ime75 NS 20 60 60 5.5 8 3000 40 « TO-220 monolithic pwr op-amp

m343 NS 10 68 68 ——°* 1 2 20 06 - TO-99 superbeta

LM344 NS 10 68 8 -°*— 1 30¢ 20 06 - TO9 superbeta

3580 Bg 30 70 70 *-°* 5 15 60 45 + TO3

LMi2 NS 20 80 80 ——— 0.7 9 10000 90 . 70-3 monolithic high-power
PA19 AP 30 80 40 * - 1008 650 5000 70 . TO-31  VMOS output

oPAs4t BB 20 80 80 °*— - 2 10 10000 90 —  TJO-31 monolithic high-pwr
MC1436 MO 10 80 g -~—° 1 2 10 06 - TO99 original, still good
1460 TP 30 80 6 —°° 1000°® 300° 150 25 - TO-3 VMOS output

1461 TP 30 80 25 *¢*°* 1000° 1200% 750 —  P-DIP VMOS output

1463 T 30 80 25 - 17 165 1000 40 - TO-3 fast unity-gain comp
HA2645 HA 20 . 80 74 —*° 4 5 10 06 -+ TO-99 sameas Philorick 1332
OPA445 ' BB 20 100 g0 °*—° 2 10 15 06 - TO-99 monolithic; miniDIP also
1481 TP 30 150 160 °*—° 45 25 80 15 - TO-3  current limit

3581 BB 65 150 150 *+—°* 5 20 30 45 ° TO-3l

PAO4 AP 30 200 20 *°*— 2 50 20000 160 —  p-DIP VMOS output; curt lim
1480 TP 30 300 450 °~7 « 20 100 80 . TO-3

3582 BB 140 300 30 °*—° 5 20 - 15 45 ° TO-31

3583 BB 80 300 300 °*-—° 5 30 75 10 . TO-3

3584 BB 140 300 300 **° 20° 1508 15 45 ° TO-3

paAOBV AP 30 340 50 -~ - 5 . 30 50 18 ¢ TO3 lowVe low e,

pags AP 30 450 25 .t 7 ¢ m0® 100 12 ¢ Toal  low lg Vs € YMOS
pAgs AP 30 450 25 7 o0 1{000°8 200 28 ° 703l low Vg, low e, VMOS

(@) gee notes to Table 4.1. 1} ot to exceed total supply voltage. (© " = isolated. & when comp for G>10. @ when comp for G>100.

according to the Ebers-Moll equation. Q2,
which operates at a fixed current, provides
- 3 diode drop of porrection voltage, which
is essential for temperature compensation.
The current source (which canbea resistor,
. since point B is always within a few tenths
of a volt of ground) sets the input current
at which the output voltage is zero. The

T - second op-amp is @ noninverting amplifier
4.14 Logarithmic amplifier with a voltage gain of 16, in order to give
an output voltage of —1.0 volt per decade
of input current (recall that VpEg increases
60mV per decade of collector current).
Some further details: Q1S base could
have been connected to its collector, but
the base current would then have caused
an error (remember that Ic is an accurate

exponential function of VBE)- In .this

A DETAILED LOOK AT SELECTED
OP-AMP CIRCUITS

The performance of the next few circuits is
affected significantly by the limitations of
op-amps; We will go into a bit more detail
in their description.

The circuit shown in Figure 4.35 exploits
the logarithmic dependence of Vgg on
I to produce an output proportional to
the logarithm of a positive input voltage.

the virtual ground at the inverting input.
That current flows through Q1, putting
its emitter one Vpg drop below ground,
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circuit the base is at the same voltage as
the collector because of the virtual ground,
but there is no base-current error. Q1
and Qg should be 2 matched pair, ther-
mally coupled (a matched monolithic pair
like the LM394 or MAT-01 is ideal). This
circuit will give accurate logarithmic out-
put over seven decades of current or more
(InA to 10mA, approximately), providing
that low-leakage transistors and a low-bias-
current input op-amp are used. An op-amp
like the 741 with 80nA of bias current is
unsuitable, and a FET-input op-amp like
the 411 is usually required to achieve the
full seven decades of linearity. Further-
more, in order to give good performance
at low input currents, the input op-amp
must be accurately trimmed for zero off-
set voltage, since Vi may be as small as
-a few tens of microvolts at the lower limit
of current. If possible, it is better touse a
current input to this circuit, omitting R
altogether.

The capacitor C; is necessary to stabi-
lize the feedback loop, since @1
contributes voltage gain inside the loop.
Diode D1 is necessary to prevent base-
emitter breakdown (and destruction) of @1
in the event the input voltage goes nega-
tive, since Q1 provides no feedback path
for positive op-amp output voltage. Both
these minor problems are avoided if @y is

. wired as a diode, i.e., with its base tied to
its collector.

Temperature compensation of gain

(- compensates changes in Q1’s Vpg drop
as the ambient temperature changes,
but the changes in the slope of the
curve of Vgg versus I¢ are not compen-
sated. In Section 2.10 we saw that the
«60mV/decade” is proportional to abso-
Jute temperature. The output voltage of
this circuit will look as shown in Figure
4.36. Compensation is perfect at an input
current equal to Ip, Q2’s collector current.
A change in temperature of 30°C causes a

_ compensation.

Vour

10uA 100pA  1mA 10mA
/ lin

Figure 4.36

/

10% change in slope, with corresponding
error in output voltage. The usual solu-
tion to this problem is to replace Ry with
a series combination of an ordinary resis-
tor and a resistor of positive temperatuie
coefficient. Knowing the temperature co-
efficient of the resistor (e.g., the TG 1/8
type manufactured by Texas Instruments
has a coefficient of +0.67%/°C) allows you
to calculate the value of the ordinary resis-
tor to put in series in order to effect perfect
compensation. For instance, with the 2.7k
TG 1/8 type “sensistor” just mentioned, a
2 4k series resistor should be used.

There are several logarithmic converter
modules available as complete integrated
circuits. 'These offer very good perfor-
mance, including internal temperature
Some manufacturers are
Analog Devices, Burr-Brown, Philbrick,
Intersil, and National Semiconductor.

EXERCISE 4.7

Finish up the log converter circuit by (a) drawing
the current source explicitly and (b) using a TG
1/8 resistor (+-0.67%/°C tempco) for ‘thermal
slope compensation. Choose values so that
Vout = +1 volt per decade, and provide an
output offset control so that Vput can be setto
zerofor any desired input current(dothis withan
inverting amplifier offset circuit, not by adjusting
Ip).

i
]
il
3
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4.15 Active peak detector

There are nUMErous applications in which
it is necessary to determine the peak
value of some input waveform. The
simplest method is a diode and capacitor
(Fig. 4.37). The highest point of the input
waveform charges up C, which holds that
value while the diode is back-biased.

vi,,_—H———l—" Vou
T

Figure 4.37

This method has some serious problems.
The input impedance is variable and is
very low during peaksof the input wave-
form. Also, the diode drop makes the cir-
cuit insensitive to peaks less than about 0.6
volt and inaccurate (by one diode drop) for
larger peak voltages. Furthermore, since
the diode drop depends on temperature
and current, the circuit’s inaccuracies de-
pend on the ambient temperature and on
the rate of change of output; recall that
I = C(dV/dt). Aninput emitter follower
would improve the first problem only.

Figure 4.38 shows a better circuit, using
feedback. By taking feedback from the
voltage at the capacitor, the diode drop
doesn’t cause any. problems. The sort of
output waveform you might get is shown
in Figure 4.39.

.
l‘ -

Figure 4.38. Op-amp peak detector.

415 Active peak detector

Figure 4.39

Op-amp limitations affect this circuit in
three ways: (a) Finite op-amp slew rate
causes a problem, even with relatively slow
input waveforms. To understand this, note
that the op-amp’s output goes into negative
saturation when the input is less positive
than the output (try sketching the op-amp
voltage on the graph; don’t forget about
diode forward drop). So the op-amp’s
output has to race back up to the output
voltage (plus a diode drop) when the input
" waveform next exceeds the output. At slew
rate S, this takes roughly (Vo — V=) /S,
where V_ is the negative supply voltage
and Vg is the output voltage. (b) Input bias
current causes a slow discharge (or charge,
depending on the sign of the bias current)
of the capacitor. This is sometimes called
“droop,” and it is best avoided by using
op-amps with very low bias current. For
the same reason, the diode must be a low-
leakage type (e.g., the FIT1100, with less
than 1pA reverse current at 20V, or a “FET
diode” such as the PAD-1 from Siliconix or
the ID101 from Intersil), and the following
stage must also present high impedance
(ideally it should also be a FET or FET-
input op-amp). (¢) The maximum op-amp
output current limits the rate of change of
voltage across the capacitor, i.€., the rate at
which the output can follow a rising input.
Thus, the choice of capacitor value is a
compromise between low droop and high
output slew rate.
For instance, a 1pF capacitor used in
this circuit with the common 741 (which

217
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would be a poor choice because of its high
bias current) would droop at avjdt =
Ip/C = 0.08V/s and would follow input
changes only-up to dV/dt = Toutpus/C =
0.02V/ps. This maximum follow rate is
tuch less than the op-amp’s slew rate of
0.5V/us, being limited by the maximum
output current of 20mA driving 1puE By
decreasing C you could achieve greater
output slewing rate at the expense of
greater droop. A more realistic choice of
components would be the popular LF355
FET-input op-amp as driver and output
follower (30pA typical bias current, 20mA
output current) and a value of C = 0.01uE
With this combination you would get a
droop of only 0.006V/s and an overall
circnit slew rate of 2V/us. For better
performance, use a FET op-amp like the
OPA111 or AD549, with input currents of
1pA or less. Capacitor leakage may then
limit performance even if unusually good
capacitors are used, €.g. polystyrene or
polycarbonate (see Section 7.05).

0 A circuit cure for diode leakage

Quite often a clever circuit configuration
can provide a solution to problems caused
by nonideal behavior of circuit compo-
nents. Such solutions are aesthetically
pleasing as well as economical. At this
point we yield to the temptation to take
a closer look at such a high-performance
design, rather than delaying until Chapter
7, where we treat such subjects under the
heading of precision design.

Suppose we want the best possible per-
formance in a peak detector, i.e., highest
ratio of output slew rate to droop. If the
lowest-input-current op-amps are used in
a peak-detector circuit (some are available
with bias currents as low as 0.01pA), the
droop will be dominated by diode leakage;
i.e., the best available diodes have higher
leakage currents (see Table 1.1) than the
op-amps’ bias currents. Figure 4.40 shows
a clever circuit solution. As before, the
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voltage on the capacitor follows a risin
input waveform: IC;y charges the capac
tor through both diodes and is unaffected’
by ICy’s output. When the input droy

below the peak value, IC; goes into neg-
ative saturation, but 1Cy holds point X
at the capacitor voltage, eliminating 1gg
age altogether in Dy. Dy’s small leakage
current flows through Ry, with negligible
drop across the resistor. Of course, both
op-amps must have low bias current. The
OPA111B is a good choice here, with it§
combination of precision (Vo5 = 250uV;
max) and low input current (1pA, max).
This circuit is analogous to the so-called
guard circuits used for high-impedance
small-signal measurements. E
Note that the input op-amps in both
peak-detector circuits spend most of their
time in negative saturation, only popping
“up when the input level exceeds the peak
voltage previously stored on the capacitor.
However, as we saw in the active rectifie;
circuit (Section 4.10), the journey from
negative saturation can take a while (e.g:
1pus—2ps for the LF411). This may restric
your choice to high-slew-rate op-amps.

R!
47k
D,
Via 1N3595
P-o—pt +
Dy X iC2
OPA111B v,

1N3595

4
0.01¢F =

polystyrene I

Figure 4.40

[ Resetting a peak detector

In practice it is usually desirable to reset
the output of a peak detector in some way.

alues.

ne possibility is to put a resistor across
“the output so that the circuit’s output
ecays with a time constant RC. In this
ay it holds only the most recent peak
A better method is to put a
cansistor switch across C; a short pulse

~15V

l'a’.

hold

acquisition
time

to Fhe base then zeros the output. A FET
§w1tqh is often used instead. For example,
in Figure 4.38 you could connect an n-
channel MOSFET across C; bringing the
gate momentarily positive then zeros the
capacitor voltage.

FET input
ic,

Pem— Output

I

charge
injection
~ {"hold step")

)

droop

| |
l ..ple-—l+—;-hold ———+——sample—

timg —————»

30k

N _'\/\/\lf 4

FET o
switch 5
output

3000

+
. -
0.0014F
{externall  Figure 4.41. Sample-and-hold.
A. standard configuration,
with exaggerated waveform.

B. LF398 single-chip S/H.
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4.16 Sample-and-hoid s
Closely related to the pedk detector is the
“samplé-and-hold” *(S/H) - circuit '(some-

and the follower cause C’s voltage ‘to
“droop” during the hold interval, accord-_
ing to dV/dt = Liealage/C. Thus C should
be.large to minimize droop. But @1’s ON

“hold

:;lcz is 1nA, what is the droop rate during the

" state?

-  For both the sample/hold circuit and

+15

times caled “Tolon e, e ere  Tesistance forms a low.pass Bl n com ine peak detecior, an opamp drives a v,

pecially popuiar grtal syst i bination.with C, so C should be small.if capacitive load. When designing such

you. want, }q_pongert onetlclxrtm_gr_e;fan high-speed signals are to be followed ac- circuits, make sure you choose an op-

»YQlt.ag?SesttotE:ﬁ er;;escf)av oiit : ‘fﬁ?:ﬁio 4 €T curately. 1C; must be able to supply C’s amp that is stable at unity gain when

;a)m rélg and hofd the voltage(s) ‘hen ‘do- " charging current I = CdV/dt and must: Joaded by the capacitor C. Some op-amps, o

thegdigital conversion at your leisure: The . Dave sufficient slew rate to follow the § (e.&., the LF355/6) are specifically designed

basic ingredients of a S/H circuit are "aiiprut signal. In.pra_ctlce, the Sle\.” rate to drive large (0'01”1.:) capacitive loads =

op-amp and a FET switch; Figure 44TA the ,\avhole circuit will usually b’e limited b directly. Some other tricks you can useare

shows the idea. IC; is a follower to provide 1C;’s output current and @1’s ON resi scussed in Section 7.07 (see Fig. 7.17). Figure 4.43

a low-impedance .replica of the input. @ tance.

passes the signal through during “sample” op-amp v,

and disconnects it during “hold.” EXERGISE 48 e L5 output y
Whatever mgpal was preser_lt When Q1 was Suppose IC; can supply 10mA of output cur: * 0 ! Vau |
turned OFF is held on capacitor C. IC2  .(ent, and C = 0.01pF. What is the maximum Ce ’
is a high-input-impedance follower-(FET - - -input slew rate the circuit can accurately follow?; Pt v and V

inputs), so that capacitor current during,. -If Q; has 50 ohms ON resistance, what wil be: i n 20 Vaur “glitches”
“hold” is minimized. The valie of C is ~ the output error for an input signal slewing at t

a compromise: Leakage cyir;eh‘;g in’Q;  0.1Vips? If the combined leakage of @1 anc 01 Figure 4.44

01 DIELECTRIC ABSORPTION

Capacitors are not perfect. The most commonly appreciated shortcomings .are leakage (paralle
_ resistance), series resistance and‘inductance, and nonzero temperature coefficient of capacitance.;
A more subtle problemis dielectric absorption, an effect that manifests itself clearly as follows: Take':
charged up to 10 volts or so, and rapidly discharge it by

a large-value tantalum capacitor that.is

momentarily.putting a*100-ohm resistor
voltage on,a high-impedance:voltmeter.

across

The origins of dielectric absorption(or dielectric soakage, dielec{ric memory) are not entirely

understood, but.the phenomenon is believed
dielectric interfaces; mica, for example, with its

From a circuit point of \iigw,:thi\sexti'a:po_larization behaves like a set of additional series RC's across
the capacitor (Fig. 4.42A),:with time constants generally in the range of ~100us to several seconds.

Dielectrics vary widely in their susceptibility to

several high-quality dielectrics, plotted as voltage memory versus time after a 10 volt step of 100us

duration. .
Dielectric absorption can cause
on the ideal characteristics of capacitors. Inthe

to-digital conversion, the effect can be devastating.
your capacitors carefully (Teflon dielectric seems 1o be best), retaining a healthy skepticism until
proven wrong. In extreme cases you may have to resort to tricks such as compensation networks
that use carefully trimmed RC's to electrically cancel the capacitor's internal dielectric absorption.
This approach is used in some high-quality sample/hold modules made by Hybrid Systems.

You will be amazed to see the capacitor charge back up, ;
reaching perhaps a volt or so after a few seconds! i

significant errors in integrators and other analog circuits that rely

it. Remove the resistor, and watch the capagcitor’s. :

Fif
S,

to be related to remnant polarization trapped on:
layered structure, is particularly poor in this regard.”

:data:
dielectric absorption; Figure 4.42B shows data for gt

case of a sample/hold followed by precision analog-
In such situations the best approach is to choose

am

polypropylene

polystyrene

)
10ms

1 1
100us ims .

time after pulse

re 4.42. Dielectric absorption in capaci-

‘A. model B. measured properties for sev-

eral dielectrics. (After Hybrid Systems HS9716

sheet.)

“You don’t have to design S/H circuits
fromscratch, because there are nice mono-

need:except for the capacitor. National’s
1.F398 is a popular part, containing the
FET sswitch and two op-amps in an inex-
_pensive ($2) 8-pin package. Figure 4.41B
shows how to use it. Note how feedback
oses:the feedback loop around both op-

- There are plenty of fancy S/H chips

available, if you need better performance
than the LF398 offers; for example, the
ADS585 from Analog Devices includes an
internal capacitor and guarantees a max-
imum acquisition time of 3us for 0.01%
accuracy following a 10 volt step.

O 4.17 Active clamp

Figure 4.43 shows a circuit that is an active
version of the clamp function we discussed
in.Chapter 1. For the values shown,
Vin < +10 volts puts the op-amp output
at positive saturation, and Vour = Vin-
When Vi, exceeds +10 volts the diode
closes the feedback loop, clamping the
output at 10 volts. In this circuit, op-amp
slew-rate limitations allow small glitches as
the input reaches the clamp voltage from
below (Fig. 4.44).

O 4.18 Absolute-value circuit

The circuit shown in Figure 4.45 gives a
positive output equal to the magnitude of
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the input signal; it is @ full-wave rectifier. For positive input levels the clamp is +15 reset
~ As usual, the use of op-amps and feedback  out of the circuit, with its output at : 0 rssef ‘ ‘
eliminates the diode drops of a passive negative saturation, making IC: 2 unity- -10-‘ L— -15 R
full-wave rectifier. gain inverter. Thus the output is equal nchannel ‘ 22m8
: to the absolute value of the input voltage. FET a-channel MOSFET

By running ICz from a single positive

supply, you avoid problems of slew-rate

limitations in the clamp, since its output i

moves over only one diode drop. Note that - oA

" . positive -
no great accuracy 18 required of Rs. output
only
¢ = - = -
A B c
v, A ‘ . 4.48. Op—amp integrators with reset switches.
Vou _ " gwitch placed across the capacitor (usually (Section 4.09). For example, the circuit of

a FET), so only the drift over short time Figure 4.49, driven from a high-impedance

= i scales maitters. As an example, an inex-  source (e.g. the current from a photodi-

) pensive FET op-amp like the LF411 (25pA ode, with the input resistor omitted), has
Figure 4.47. Integrator. typical bias carrent) trimmed to 2 voltage  an output offset of 100 times V5, whereas
offset of 0.2mV and used in an integrator ~ thesame circuit with a 10MS feedback re-
with R =10M£ and C = 10pF will pro- sistor has an output equal to Vos (assuming

4.19 Integrators . . N A
duce an output drift of less than 0.003 volt the offset due to input current is negligi-

Op-amps allow you to make nearly perfect in 1000 seconds. ble). ~
integrators, Wit?“’“t the restriction ﬂ,“}t : If the residual drift of the integrator is
Vour & Vin. Figure 447 shows how 1t's still too large for a given application, it ook 100K
done. Input current Vm/ R flows through may be necessary to put 2 large resistor Ra . _
C. Because the _mvertmg 1nput‘1s a virtual 3 across C to provide dc feedback for sta-
ground, the output voltage 1s EIVER by ble biasing. The effect is t0 roll off the
Vin/R=-C (dVout/ dt) : integrator action at very low frequencies, 100k
or : f <1/R2C. Figure 4.48 shows integrators
. with FET zeroing gwitch and with resis-
Vout = 2 / Vin dt + constant tor bias stabilization. The feedback resis- :
RC tor may become rather large in this sort :
The input can, of course, be a current, of application. Figure 4.49 shows a trick g5k
in which case R will be omitted. One _ for producing the effect of a large feedback L
Figure 4.46 problem with this circuit as drawn is that ¢ resistor using smaller values. In this case - ) N
the output tends to wander off, even with the feedback network behaves like a sin- Figure 4.49
EXERCISE 4.9 the input grounded, due to op-amp offsets gle 10M) resistor in the standard invert-
Figure out how the cifouit in Figure 445works.  and bias current (there’s no feedback at . ir;g amplifier circuit giving 2 voltage gain
Hint: Apply firsta positive inputvoitage, andsee  dc, which violates rule 3 in Section 4.08). - of —100. This technique has the advan- —_
what happens; then do negative. This problem can be minimized by using - tage of using resistors of convenient values O A circuit cure for FET leakage
a FET- op-amp for low input current and ~ without the problems of stray capacitance, In the integrator with a FET reset switch
Figure 4.46 shows another absolute- offset, trimming the op-amp input offset etc., that occur with very large resistor val- (Fig. 4.48), drain-source leakage sources a
value circuit. It is readily understandable  voltage, and using large R and C values. ues. Note that this “T-network” trick may  small current into the summing junction
as a simple combination of an optional In addition, in many applications the in- increase the effective input offset voltage, ~ €ven when the FET is OFE. With an ultra-

inverter (IC;) and an active clamp (ICy).  tegrator is zeroed periodically by closing a if used in a transresistance configuration low-input-current op-amp and low-leakage
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capacitor, this can be the dominant error
in the integrator. For example, the ex-
cellent AD549 JFET-input “clectrometer”
op-amp has a maximum input current of
0.06pA, and a high-quality 0.01uF metal-
lized Teflon or polystyrené capacitor spec-
ifies leakage resistance as 107 megohms,
minimum. Thus the integrator, exclusive
of reset circuit, keeps stray currents at the
summing junction below 1pA (for a worst-
case 10V full-scale output), corresponding
to an output dV/dt of less than 0.01mV/s.
Compare this with the leakage contribu-
tion of a MOSFET .such as the popular
2N4351 (enhancement mode), which spec-
ifies a maximum leakage current of 10nA
at Vpg = 10V and Vgs = OV! In other
words, the FET contributes 10,000 times
as much leakage as everything else com-
bined.

Figure 4.50

Figure 4.50 shows a clever circuit solu-
tion. Although both nr-channel MOSFETs
are switched together, Q1 is switched with
gate voltages of zero and +15 volts so that
gate leakage (as well as drain-source leak-
age) is entirely eliminated during the OFF
state (zero gate voltage). In the ON state
the capacitor is discharged as before, but
with twice Ron. In the OFF state, Q2’s

small leakage passes to ground through R,
- with negligible drop. There is no leakage
current at the summing junction because
Q1’s source, drain, and substrate are all
at the same voltage. Compare this circuit
with the zero-leakage peak-detector circuit
of Figure 4.40. :

4

._%

Figure 4.51 .

O 4.20 Differentiators

Differentiators are similar to integrators,
but with R and C reversed (Fig. 4.51).
Since the inverting input is at ground, the
rate of change of input voltage produces
a current ] = C(dVia/dt) and hence an
output voltage
Vout = '—RC dzzn
Differentiators are bias-stable, but they
generally have problems with noise and
instabilities at high frequencies because of
the op-amp’s high gain and internal phase
shifts. For this reason it is necessary to
roll off the differentiator action at some
maximum frequency. The usual method
is shown in Figure 4.52. The choice
of the rolloff components Ry and C2
depends on the noise level of the signal
and the bandwidth of the op-amp. At
high frequencies this circuit becomes an
* integrator, due to Ry and Ca.

1 OP-AMP OPERATION WITH

A SINGLE POWER SUPPLY

Op-amps don’t require 15 volt regulated
supplies. They can be operated from split

OP-AMP OPERATION WITH A SINGLE POWER SUPPLY

50pF

A, C,
10k 0.01uF

Figure 4.52

supplies of lower voltages, or from un-
symmctrical supply voltages (e.g, +12 and
—3), as long as the total supply voltage
V-V is within specifications (see Ta-
ble 4.1). Unregulated supply voltages are
often adequate because of the high “power-
supply rejection ratio” you get from nega-
tive feedback (for the 411 it’s 90dB typ).
But there are many occasions when it
would be nice to operate an op-amp from
a single supply, say +12 volts. This can be
done with ordinary op-amps by generating
a “reference” voltage above ground, if you
aye careful about minimum supply volt-
ages, output swing limitations, and max-
jmum common-mode input range. With
some of the more recent op-amps whose
input and output ranges include the neg-
ative supply (.e., ground, when run from
a single positive supply), single-supply op-
eration is attractive because of its sim-
plicity. Keep in mind, though, that oper-
ation with symmetrical split supplies 1e-
mains the usual technique for nearly all
applications. )

0.4.21 Biasing single-supply ac amplifiers

For a general-purpose op-amp like the 411,
. the inputs and output can typically swing
to within about 1.5 volts of either supply.
With V_ connected to ground, you can’t
have either of the inputs or the output at
ground. Instead, by generating 2 reference

4.22 Single-supply op-amps

voltage (e.g., 0.5V ) you can bias the op-
amp for successful operation (Fig. 4.53).
This circuit is an audio amplifier with
40dB gain. Vier = 0.5V4 gives an output
swing of about 17 volts pp before onset of
clipping. Capacitive coupling 18 used at
the input and output to block the dc level,
which equals Vies. ,

Figure 4.53

0 4.22 Single-supply op-amps

There is a class of op-amps that permit
simplified operation with a single positive
supply, because they permit input voltages
all the way down to the negative rail
(normally tied to ground). They can be
further divided into two types, according
to the capability of the output stage: One
type can swing all the way down to V-,
and the other type can swing all the way t0
both rails: .

1. The LM324 (quad)/LM358 (dual),
1T1013, and TLC270 types. These have
input common-mode ranges all the way
down to 0.3 volt below V_, and the output
can swing down to V.. Both inputs and
output can go to within 1.5 volts of Ve If

225
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instead you need an input 1ange up to Vi,
use something like an 1M301/307, OP-
41, or'a 355; an example is illustrated in
Section 6.24 in the discussion of constant-
current supplies. In order to understand
some of the subtleties of this sort of op-
amp, it is helpful to look at the schematic
(Fig. 4.54). It is a reasonably straight-
forward differential amplifier, with current
mirror active load on the input stage and
push-pull complementary output stage
with current limiting. The special things
to remember are these (calling V_ ground):

Inputs: The pnp input structure allows
swings of 0.3 volt below ground; if that
is exceeded by either input, weird things
happen at the output (it may go negative,
for instance).

Output: @13 pulls the output down and
can sink plenty of current, but it goes
only to within a diode drop of ground.
Outputs below that are provided by the
50pA current sink, which means you can’t
drive a load that sources more than 50uA
and get closer than a diode drop above

ground. Even for “nice” loads (an open
circuit, say), the current source won’t bring
the output lower than a saturation voltage
(0.1V) above ground. If you want the
output to go clear down to ground, the load
should sink a small current to ground; it
could be a resistor to ground, for instance.
Recent additions to the family of pnp-
input single-supply op-amps include the
precision LT1006 and LT1014 (single and
quad, respectively) and the micropower
OP-20 and OP-90 (both single), and LP324
(quad).

We will illustrate the use of these op-
amps with some circuits, after mentioning
the other kind of op-amp that lends itself
well to single-supply operation.

2. The LM10 (bipolar) or CA5130/5160
(MOSFET) complementary-output-stage
op-amps. When saturated, they look like
a small resistance from the output to the
supply (V3 or V). Thus the output can
swing all the way to either supply. In
addition, the inputs can go 0.5 volt be-
low V.. Unlike the LM10, the CA5130

inputs

—oV,
a.00a (§ 1004A ( §
Qs

OB

T°
Q7
RSC ~
output

Figure 4.54. Schematic of the popular 324 and 358 op-amps. (National Semiconductor Corp.)

it
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-

photodiode

and 5160 are limited
tal supply voltage an
voltage. Although most CMOS

op-amps permit rail-to-rail output swings,

tial input

Ay
10M

battery
+5t0 +15

+

= TLCZTFH c )\

0 to 5V for
0 to 500nA

— Figure 4.55. Single-supply photometer.

to 16 volts (max) to-
d &8 volts differen-

series from TI has input and output ca-
_pability to the negative rail only, whereas
the LMC660 from National, along with the
Intersil ICL76xx series and RCA’s CMOS

watch out for some varieties that can only ~ Op-amps, has output swing to both rails

swing all t!
the input

—

h

common-mode range of most
CMOS op-amps, like ordinary bipolar op-
amps, includes at most one power-supply
rail. For example, the popular TLC27xx

V.
ICL7600
LMC660
CA5160
v
5044

e way.to one rail; also note that

LM10
CAB422

OoP-90

(but input common-mode range only to
the negative rail). Unique among 0p-amps
are the CMOS 1CL7612 and ALD1701/2,
which claim both input and output opera-
tion to both rails.

LT1013

Rioan

Figure 4.56. Output stages
used in single-supply op-amps.
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+5 is convenient. We discussed a similar cir- |

cuit earlier under the heading of current-
to-voltage converters. Since a photocell
circuit might well be used in a portable
light-measuring instrument, and since the
output is known to be positive only, this
A . is a good candidate for a battery-operated
single-supply circuit. R; sets the full- scale
output at 5 volts for an input photocur-
— rent of 0.5uA. No offset voltage trim is
needed in this circuit, since the worst-case
.5 untrimmed offset of 10mV corresponds to
a negligible 0.2% of full-scale meter indi-
cation. The TLC251 is an inexpensive
micropower (10pA supply current) CMOS
op-amp with input and output swings to
the negative rail. Its low input current
[ (1pA, typ, at room temperature) makes
it good for low-current applications like
this. Note that if you choose a bipolar
op-amp for an application like this, better
performance at low light levels results if
the photodiode is connected as in the
circuit shown in Figure 4.94].
When using “single-supply” Op-amps,
. watch out for misieading statements about
output swing to the negative rail (ground).
There are really four different kinds of
output stages, all of which “swing down
to ground,” but they have very different
properties (Fig. 4.56). (a) Op-amps with
complementary MOS output transistors

lsource

Figure 4.57. Connecting a load to a single-
supply op-amp-. All single-supply types (A-D)
can swing all the way to ground while sourcing
current. Some types (A and B) can swing nearly
to ground while sinking moderate or substantial
currents; type C can sink up to 50pA, and type
D requires a load resistor returned to ground to
operate near ground.

1 Example: single-supply photometer

Figure 4.55 shows a typical example of a
circuit for which single-supply operation

V.

“single-supply”
op-amp
positive
input
{OK to OV}

r positive
output
{OK to OV}

— Figure 4.58. Single-supply dc amplifier.

give true rajl-to-rail swing; such a stage is

capable of pulling its output to ground,
even when sinking moderate current. Some
examples are the ICL76xz, the LMC660,
and CA5160. (b) Op-amps Wwith an npn
common-emitter transistor to ground be-
have similarly, i.e., they can pull their out-
put to ground even while sinking current.
Examples are the LM10, CA5422, and
1T1013/14. Both kinds of output stages
can, of course, handle an open circuit or
a load that sinks current to ground. (c)
Some Op-amps, notably the 358 and 324,
use a pnp follower to ground (which can
only pull down to within a diode drop of
ground), in parallel with an npn current
sink (with compliance clear to ground). In
the 358, the internal current sink is set
at 50pA. Such a circuit can swing clear
down to ground as long as it doesn’t have
to sink more than 50pA from the load.
1f the load sources more current, the out-
put only works to within a diode drop-of
ground. As before, this kind of output cir-
cuit is happy sourcing current to a load
that is returned to ground (as in the pho-
tometer example earlier). (d) Finally, some
single-supply op-amps (e.g., the QP-90) use
a pnp follower to ground, without the par-
allel current sink. Such an output stage can
swing to ground only if the load helps out
by sinking current, i.e., by being returned
to ground. If you want to us¢ such an op-
amp with a load that sources current, you
have to add an external resistor to ground
(Fig. 4.57). '

A note of caution: Don’t make the mis~
‘take of assuming that you can make any
op-amp’s output work down to the nega-
tive rail simply by providing an external
current sink. In most cases the circuitry
driving the output stage does not permit
that. Look for explicit permission in the
data sheet!

Example: single-supply dc amplifier

Figure 4.58 shows 2 typical single-supply
noninverting amplifier 1o amplify an

input signal of known positive polarity.
The input, output, and positive supply are
all referenced to ground, which is the neg-
ative supply voltage for the op-amp. The
output “pulidown” resistor may be needed
with what we called type-1 amplifiers to en-
sure output swing all the way to ground;
the feedback network or the load itself
could perform this function. An important
point: Remember that the output cannot
go negative; thus you cannot use this am-
plifier with, say, ac-coupled audio signals.
Single-supply op-amps are indispens-
able in battery-operated equipment. we'll
have more to say about this in Chapter 14.

COMPARATORS AND SCHMITT TRIGGER

1t is quite common to want to know which
of two signals is larger, or to know when
a given signal exceeds a predetermined
value. For instance, the usual method of
generating triangle waves is to supply
positive or negative currents into a ca-
pacitor, reversing the polarity of the cur-
rent when the amplitude reaches a preset
peak value. Another example is a digital
voltmeter. In order to convert a voltage to
a number, the unknown voltage is applied
to one input of a comparator, with a lin-
ear ramp (capacitor + current source) ap-
plied to the other. A digital counter counts
cycles of an oscillator while the ramp is
less than the unknown voltage and displays
the result when equality of amplitudes is
reached. The resultant count is propor-
tional to the input voltage. This is called
single-slope integration; in most sophisti-
cated instruments a dual-slope integration
is used (see Section 9.21).

4.23 Comparators

The simplest form of comparator is a high-
gain differential amplifier, made either
with transistors or with an op-amp (Fig.
4.59). The op-amp gOeS into positive or
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Vq
Vou

Vo
Figure 4.59

negative saturation according to the differ-
ence of the input voltages. Because the
voltage gain typically exceeds 100,000, the
inputs will have to be equal to within a
fraction of a millivolt in order for the out-
put not to be saturated. Although an ordi-
nary op-amp can be used as a comparator
(and frequently is), there are special inte-
grated circuits intended for use as com-
parators. Some examples are the 1LM306,
LM311, LM393, NE527, and TLC372.
These chips are designed for very fast re-
sponse and aren’t even in the same league
as op-amps. For example, the high-speed
NES21 slews at several thousand volts per
microsecond. With comparators, the term
“glew rate” isn’t usually used; you talk in-
stead about “propagation delay versus in-
put overdrive.”

Comparators generally have more flexi-
ble output circuits than op-amps. Whereas
an ordinary op-amp uses a push-pull out-
put stage to swing between the supply volt-
ages (£13V, say, for a 411 running from
415V supplies), a comparator chip usu-
ally has an “open-collector” output with
grounded emitter. By supplying an exter-
nal “pullup” resistor (that’s accepted ter-
minology, believe it or not) connected to
a voltage of your choice, you can have an
output swing from +5 volts to ground, say.
You will see later that logic circuits have
well-defined voltages thgy like to operate
between; the preceding example would be
ideal for driving a TTL circuit, a popular
type of digital logic. Figure 4.60 shows the
circuit. The output switches from +5 volts
to ground when the input signal goes nega-
tive. This use of a comparator is really an
example of analog-to-digital conversion.

Figure 4.60

This is the first example we have pre-
sented of an open-collector output; this is
a cofmon configuration in logic circuits,
as you will see throughout Chapters 8-11.
If you like, you can think of the external
pullup resistor as completing the compara-
tor’s internal circuit by providing a collec-

" tor load resistor for an npn output tran-

sistor. Since the output transistor operates
as a saturated switch, the resistor value is
not at all critical, with values typically be-
tween a few hundred ohms and a few thou-
sand ohms; small values yield improved
switching speed and noise immunity at the
expense of increased power dissipation.
Incidentally, in spite of their superficial
resemblance to op-amps, comparators
are never used with negative feedback
because they would not be stable (see
Sections 4.32-4.34). However, some
positive feedback is often used, as you
will see in the next section.

Comments on comparators

Some points to remember: (a) Because
there is no negative feedback, golden rule
1 is not obeyed. The inputs are not at the
same voltage. (b) The absence of negative
feedback means that the (differential) in-
put impedance isn’t bootstrapped to the
high values characteristic of op-amp cir-
cuits. As a result, the input signal sees a
changing load and changing (small)
input current as the comparator switches;
if the driving impedance is too -high,

COMPARATORS AND SCHMITT TRIGGER
4.24 Schmitt trigger

strange things may happen. (c) Some com-
parators permit only limited differential
input swings, as little as &5 volts in some
cases. Check the specs! See Table 9.3 and
the discussion in Section 9.07 for the prop-
erties of some popular comparators.

input

trigger point
{voltage at other input
of comparator)

Figure 4.61

v,

multiple
transitions

==  without feedback

R, Ra
jox 100k

— with feedback

Figure 4.62

4.24 Schmitt trigger

The simple comparator circuit in Figure
4.60 has two disadvantages. For a very

~as a Schmitt trigger.

slowly varying input, the output swing can
be rather slow. Worse still, if the input
is noisy, the output may make several
transitions as the input passes through
the trigger point (Fig. 4.61). Both these
problems can be remedied by the use of
positive feedback (Fig. 4.62). The effect
of R3 is to make the circuit have two
thresholds, depending on the output state.
In the example shown, the threshold when
the output is at ground (input high) is
4.76 volts, whereas the threshold with the
output at +5 volts is 5.0 volts. A noisy
input is less likely to produce multiple
triggering (Fig. 4.63). Furthermore, the
positive feedback ensures a rapid output
transition, regardless of the speed of the
input waveform. (A small “speedup”
capacitor of 10-100pF is often connected
across Rz to enhance switching speed still
further.) This configuration is known
(If an op-amp
were used, the pullup would be omitted.)

2 high threshold

Figure 4.63

+5

output

4.0 4.5 5.0
input

Figure 4.64

The output depends both on the input volt-
age and on its recent history, an effect
called hysteresis. This can be illustrated
with a diagram of output versus input,
as in Figure 4.64. The design procedure
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is easy for Schmitt triggers that have a

small amount of hysteresis. Use the cir-
cuit of Figure 4.62B. First choose a resis-
tive divider (R1, Rg) to put the threshold
at approximately the right voltage; if you
want the threshold near ground, just use a
single resistor from noninverting input to
ground. Next, choose the (positive) feed-
back resistor Rz to produce the required
hysteresis, noting that the hysteresis equals
the output swing, attenuated by a resistive
divider formed by R3 and Ry || R». Finally,
choose an output pullup resistor R4 small
enough to ensure nearly full supply swing,
taking account of the loading by Rs. For
the case where you want thresholds sym-
metrical about ground, connect an off-
setting resistor of appropriate value
from the noninverting input to the nega-
tive supply. You may wish to scale all
resistor values in order to keep the
output current and impedance levels with-
in a reasonable range.

output

input

Figure 4.65

Discrete-transistor Schmitt trigger

A Schmitt trigger can also be made simply
with transistors (Fig. 4.65). Q1 and Q2
share an emitter resistor. It is essential

that Q1’s collector resistor be larger than
Q,’s. In that way the threshold to turn
on @i, which is one diode drop above
the emitter voltage, rises when Qi is
" turned off, since the emitter current is

‘higher with Q» conducting. This produces

hysteresis in the trigger threshold, just as
in the preceding integrated circuit Schmitt
trigger. ‘

EXERCISE 4.10

- Design a Schmitt trigger usinga 311 comparator

(open-collector output) with thresholds at +1.0
voltand +1.5 voits. Use a 1.0k pullup resistor to
45 volts, and assume that the 311 is powered
from =15 volt supplies.

FEEDBACK WITH
FINITE-GAIN AMPLIFIERS

We mentioned in Section 4.12 that the fi-

nite open-loop gain of an op-amp limits its

performance in a feedback circuit. Specifi-
cally, the closed-loop gain can never exceed
the open-loop gain, and as the open-loop
gain approaches the closed-loop gain, the
amplifier begins to depart from the ideal
behavior we have come to expect. In this
section we will quantify these statements
so that you will be able to predict .the
performance of a feedback amplifier con-
structed with real (less than ideal) compo-
nents. This is important also for feedback
amplifiers constructed entirely with dis-
crete components (transistors), where: the
open-loop gain is usually much.- less than
with op-amps. In these cases the output
impedance, for instance, will not be zero.
Nonetheless, with a good understanding
of feedback principles you will be able to
achieve the performance required in any
given circuit. :

4.25 Gain equation

Let’s begin by considering an amplifier of
finite voltage gain, connected with feed-
back to form 2 noninverting amplifier
(Fig. 4.66). The amplifier has open-loop
voltage gain A, and the feedback network
subtracts a fraction B of the output voltage
from the input. (Later we will generalize

FEEDBACK WITH FINITE-GAIN AMPLIFIERS
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things so that inputs and outputs can be
currents or voltages.) The input to the gain
block is then Viy — BVous. But the output
s just the input times A:

A(Vin - BVouf.) = Vout

1n other words,
A
Vot =73 4B

and the closed-loop voltage gain, Vout/Vins
is just
g= -2 _

1+ AB
Some terminology: The standard designa-
tions for these quantities are as follows:
G = closed-loop gain, A = open-loop gain,
AB = loop gain, 1 + AB = return differ-
ence, or desensitivity. The feedback net-
work is sometimes called the beta network
(no relation to transistor beta, hse).

e (>
a

—— Vou

Figure 4.66

4.26 Effects of feedback on
amplifier circuits

Let’s look at the important effects of feed-
back. The most significant are predictabil-
ity of gain (and reduction of distortion),
changed input impedance, and changed
output impedance.

Predictability of gain

The voltage gain is A/(1 + AB). In the
“limit of infinite open-loop gain A G =
1/B. We saw this result in the noninvert-
ing amplifier configuration, where a volt-
age divider on the output provided the
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signal to the inverting input (Fig. 4.69).
The closed-loop voltage gain was just the
inverse of the division ratio of the voli-
age divider. For finite gain A, feedback
still acts to reduce the effects of variations
of A (with frequency, temperature, ampli-
tude, etc.). For instance, supposé A de-
pends on frequency as in Figure 4.67. This

10,000

5000

1000

Figure 4.67

will surely satisfy anyone’s definition of a
poor amplifier (the gain varies over a fac-
tor of 10 with frequency). Now imagine we
introduce feedback, with B = 0.1 (a sim-
ple voltage divider will do). The closed-
loop voltage gain now varies from 1000/[1
+(1000%0.1)], or 9.90, to 10,000/[1 +
(10,000%0.1)}, or 9.99, a‘variation of just
1% over the same range of frequency! To
put it in audio terms, the original amplifier
is flat to 4-10dB, whereas the feedback am-
plifier is fat to £0.04dB. We can now re-
cover the original gain of 1000 with nearly
this linearity by just cascading three such
stages. It was for just this reason (namely,
the need for extremely flat telephone re-
peater amplifiers) that negative feedback
was invented. As the inventor, Harold
Black, described it in his first open publica-
tion on the invention (Electrical Engineer-
ing, 53:114, 1934), “by building an ampli-
fier whose gain is made deliberately, say
40 decibels higher than necessary (10,000-
fold excess on energy basis) and then feed-
ing the output back to the input in such
a way as to throw away the excess gain, it
has been found possible to effect extraordi-
nary improvement in constancy of ampli-
fication and freedom from nonlinearity.”
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Figure 4.68

1t is easy to show, by taking the partial
derivative of G with respect to ABG|DA),
that relative variations in the open-loop
gain are reduced by the desensitivity:

AG /1 AA

G 1+AB A
Thus, for good performance the loop gain
AB should be much larger than 1. That’s
equivalent to saying that the open-loop
gain'should be much larger than the closed-
loop gain. .

A very important consequence of this is
that nonlinearities, which are simply gain
variations that depend on signal level, are
reduced in exactly the same way.

Input impedance

Feedback can be arranged to subtract a
voltage or a current from the input (these
are sometimes called series feedback and
shunt feedback, respectively). The nonin-
verting op-amp configaration, for instance,
subtracts a sample of the output voltage
from the differential voltage appearing at
the input, whereas in the inverting con-
figuration a current is subtracted from the
input. The effects on input impedance are
opposite in the two cases: Voltage feed-
back multiplies the open-loop input im-
pedance by 1 +AB, whereas current feed-
back reduces it by the same factor. In the
limit of infinite loop gain the input im-
pedance (at the amplifier’s input terminal)

goes to infinity or zero, respectively. This
is easy to understand, since voltage feed-
back tends to subtract signal from the in-
put, resulting in a smaller change (by the
factor AB) across the amplifier’s input re-
sistance; it’s a form of bootstrapping. Cur-
rent feedback reduces the input signal by
bucking it with an equal current.

Let’s see explicitly how the effective in-
put impedance is changed by feedback.
We will illustrate the case of voltage feed-
back only, since the derivations are similar
for the two cases. We begin with an op-
amp model with (ﬁnite) input resistance as
shown in Figure 4.68. An input Vin 1s 1e-
duced by BVout, putting a voltage Vaig =
Vin — BVout across the inputs of the am-
plifier. The input current is therefore

I = Vin — BVout _ Vin (1 B Bl+€”3)
w=TTR R;
Vin
i+ AB)R:

giving an effective input resistance

R, =Vi/ln=(1 + AB)R;

B =——
Ry +R,

Figure 4.69

The classic op-amp noninverting amplifier
is exactly this feedback configuration, as
shown in Figure 4.69. In this circuit,
B = Ry/(R1 + Ra), giving the usual
voltage-gain expression G, =1+ Re/Ra
and an infinite input impedance for the
ideal case of infinite open-loop voltage gain

FEEDBACK WITH FINITE-GAIN AMPLIFIERS
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A. For finite loop gain, the equations as
previously derived apply.

The op-amp inverting amplifier circuit
is different from the noninverting circuit
and has to be analyzed' separately. 1It's
best to think of it as a combination of
an input resistor driving a shunt feedback
stage(Fig. 4.70). The shunt stage alone has
its input at the “suymming junction” (the
inverting input of the amplifier), where the
currents from feedback and input signals
are combined (this amplifier connection
is really a «transresistance” configuration;
it converts a current input to a voltage
output). Feedback reduces the impedance
looking into the summing junction, R, by
a factor of 1 +A (see if you can prove this).
In cases of very high loop gain (e.g, an op-
amp) the input impedance is reduced to a
fraction of an ohm, a good characteristic

for a current-input amplifier. Some good

examples are the photometer amplifier in
Section 4.22 and the logarithmic converter
in Section 4.14.

The classic op-amp inverting amplifier
connection is a combination of a shunt
feedback transresistance amplifier and a
series input resistor, as in the figure. As a
result, the input impedance equals the sum
of R and the impedance looking into the
summing junction. For high loop gain, Rin
approximately equals Rj.

R2 Ra
input A
input .
= _ R =
A Za= T4 A Zoma+ Ry
7. _Zlopen loop) w=MT 1A
out =
1+A z _ Z lopen loop)
out =TT+ AB
B
(B R.+Rz)

Figure 4.70. Input and output impedances for
(A) transresistance amplifier and (B) inverting
amplifier.

It is a straightforward exercise to derive
an expression for the closed-loop voltage
gain of the inverting amplifier with finite
loop gain. The answer is

G = —A(1- B)/(1+ AB)

where B is defined as before, B =
Ry/(Ry + Rz). In the limit of large open-
loop gain 4, G = — 1/B+ 1 (ie, G =
—Ry/Ry).

EXERCISE 4.11
perive the foregoing expressions for input
impedance and gain of the inverting amplifier.

Figure 4.71

Output impedance

Again, feedback can extract a sample of
the output voltage or the output current.
In the first case the open-loop output
impedance will be reduced by the factor
1 + AB, whereas in the second case it
will be increased by the same factor. We
will illustrate this effect for the case of
voltage sampling. We begin with the model
shown in Figure 4.71. This time we have
shown the output impedance explicitly.
The calculation is simplified by a trick:
Short the input, and apply a voltage V
to the output; by calculating the output
current I, we get the output impedance
R, = V/I. Voltage V at the output
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puts a voltage —BYV across the amplifier’s
input, producing a voltage —ABV in the
amplifier’s internal generator. The output
current is therefore

V —(-ABV) _ V(1+ AB)
I= Ro T R
giving an effective output impedance
Ry=V/I= Ry/(1+ AB)

If feedback is connected instead to

sample the output current, the expression
becomes

Ry = Ro(1+ AB)
It is possible to have multiple feedback
paths, sampling both voltage and current.

In the general case the output impedance
is given by Blackman’s impedance relation

1+ (AB)SC
1+ (AB)oc
where (AB)sc is the loop gain with the
output shorted to ground and (AB)oc

is the loop gain with no load attached.
Thus, feedback can be used to generate a

!
o =Ro

desired output impedance. This equation
reduces to the previous results for the usual
situation in which feedback is derived
from _either the output voltage or the
output current.

O Loading by the feedback network

" In feedback computations, you usually as-

sume that the beta network doesn’t load
the amplifier'’s output. If it does, that
must be taken into account in comput-
ing the open-loop gain. Likewise, if the
connection of the beta network at the am-
plifier’s input affects the open-loop gain
(feedback removed, but network still con-
nected), you must use the modified open-
loop gain. Finally, the preceding expres-
sions assume that the beta network is uni-
directional, i.e., it does not couple signal
from the input to the output.

[1 4.27 Two examples of transistor

ampilifiers with feedback

Figure 4.72 shows a transistor amplifier
with negative feedback. ’

+15V . i Veo
R, LGOmA
62052 {2.582)
a N\ 1]/
125092
‘1mA l '\ ~ a /‘Iwatt
) —
- ~
\ 4 /7 \R
7
2;'11: Yy ,___m v
signal + —0.4v 100k x [ wov ™
in
Wi Rg
5Q
h 4
\ Ly
~, “" 1 watt
o) —
Q,,0,: Ay, =250 ‘OmAl i

matched pair

~15V

Figure 4.72. Transistor power amplifier with negative feedback.
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[ Circuit description

It may look complicated, but it is extreme-
ly straightforward in design and is rela-
tively easy to analyze. @1 and Q2 form
a differential pair, with common-emitter
amplifier Qs amplifying its output. R is
Q3’s collector load resistor, and push-pull
pair Q4 and @s form the output emitter
follower. The output voltage is sampled by
the feedback network consisting of voltage
divider R4 and Rs, with Cz included to
reduce the gain to unity at dc for stable
biasing. Ra sets the quiescent current in
the differential pair, and since overall feed-
back guarantees that the quiescent output
voltage is at ground, @3’s quiescent cur-
rent is easily seen to be 10mA (Vg g across
Rg, approximately). As we have discussed
carlier (Section 2.15), the diodes bias the
push-pull pair into conduction, leaving one
diode drop across the series pair Ry and
Rg, i.e., 60mA quiescent current. That’s

class AB operation, good for minimizing ’

crossover distortion, at the cost of 1 watt
standby dissipation in each output transis-
tor.

From the point of view of our earlier
circuits, the only unusual feature is @1’s
quiescent collector voltage, one diode drop
below Voo. That is where it must sit in
order to hold @3 in conduction, and the
feedback path ensures that it will. (For
instance, if @1 were to pull its collector
closer to ground, @3 would conduct heav-
ily, raising the output voltage, which in
turn would force Q2 to conduct more heav-

ily, reducing @;’s collector current and .

hence restoring the status quo.) Rz was
chosen to give a diode drop at @1’s quies-
cent current in order to keep the collector
currents in the differential pair approxi-
mately equal at the quiescent point. In
this transistor circuit the input bias current
is not negligible (4uA), resulting in a 0.4
volt drop across the 100k input resistors.
In transistor amplifier circuits like this, in
which the input currents are considerably
larger than in op-amps, it is particularly

important to make sure that the dc re-
sistances seen from the inputs are equal,
as shown (a Darlington input stage would
probably be better here).

0O Analysis

Let’s analyze this circuit in detail, de-
termining the gain, input and output
impedances, and distortion. To illustrate
the utility of feedback, we will find these
parameters for both the open-loop and
closed-loop situations (recognizing that bi-
asing would be hopeless in the open-loop
case). To get a feeling for the linearizing
effect of the feedback, the gain will be cal-
culated at +10 volts and —10 volts output,
as well as the quiescent point (zero volts).

0 Open loop. Input impedance: We cut

the feedback at point X and ground the
right side of R4. The input signal sees 100k
in parallel with the impedance looking into
the base. The latter is hy. times twice
the intrinsic emitter resistance plus the
impedance seen at (2’s emitter due to the
feedback network at Qy’s base. For hge =
250, Zin =~ 250x[(2%25)+(3.3k/250)L;
ie., Zin =~ 16k.

Output impedance: Since the imped-
ance looking back into @3’s collector is
high, the output transistors are driven by
a 1.5k source (Rg). The output impedance
is about 15 ohms (hse ~ 100) plus the 5
ohm emitter resistance, or 20 ohms. The
intrinsic emitter resistance of 0.4 ohm is
negligible.

Gain: The differential input stage sees
a load of Ry paralleled by Q3’s base re-
sistance. Since Q3 is running 10mA quies-
cent current, its intrinsic emitter resistance
is 2.5 ohms, giving a base impedance of
about 250 ohms (again, hye ~100). The
differential pair thus has a gain of

250]|620
2 x 250

The second stage, @3, has a voltage gain of
1.5k/2.50hms, or 600. The overall voltage

3.5




238

FEEDBACK AND OPERATIONAL AMPLIFIERS

Chapter 4

O Closed loop.

gain at the quiescent point is 3.5 x 600,
or 2100. Since Q3’s gain depends on
its collector current, there is substantial
change of gain with signal swing, i.e.,
nonlinearity. The gain is tabulated in the
following section for three values of output
voltage.

Input impedance: This
circuit uses series feedback, so the input
impedance is raised by (1 + loop gain).
The feedback network is a voltage divider
with B = 1/30 at signal frequencies, so the
loop gain AB is 70. The input impedance
is therefore 70 x 16k, still paralleled by
the 100k bias resistor, i.e., about 92k.
The bias resistor now dominates the input
impedance. ’

Output impedance: Since the output
voltage is sampled, the output impedance
is reduced by (1 + loop gain). The output
impedance is therefore 0.3 ohm. Note
that this is a small-signal impedance and
does not mean that a 1 ohm load could be
driven to nearly full swing, for instance.
The 5 ohm emitter resistors in the output
stage limit the large signal swing. For
instance, a 4 ohm load could be driven
only to 10 volts pp, approximately.

Gain: The gain is A/(1+AB). At
the quiescent -point, that equals 30.84,
using the exact value for B. In order to
illustrate the gain stability achieved with
negative feedback, the overall voltage gain
of the circuit with and without feedback
is tabulated at three values of output level
at the end of this paragraph. It should
be obvious that negative feedback has
brought about considerable improvement
in the amplifier’s characteristics, although
in fairness it should be pointed out that
the amplifier could have been designed
for better open-loop performance, e.g., by
using a current source for Q3’s collector
load and degenerating its emitter, by using
a current source for the differential-pair
emitter circuit, etc. Even so, feedback
would still make a large improvement.

[ Series feedback pair

. amplifier” with settable gain, bandwidth,

Open loop _ Closed loop
Vour —10 0 +10 -10 0 +10

Zin 16k 16k 16k 92k 92k 92k
Zout 200 200 200 0392 032 030
Gain 1360 2100 2400 30.60 30.84 30,90

VL‘L‘

Figure 4.73

Figure 4.73 shows another transistor am-
plifier with feedback. Thinking of @1 as
an amplifier of its base-emitter voltage
drop (thinking in the Ebers-Moll sense),
the feedback samples the output voltage
and subtracts a fraction of it from the input
signal. This circuit is a bit tricky because
Q2’s collector resistor doubles as the feed-
back network. Applying the techniques we
used earlier, you should be able to show
that G(open loop) = 200, loop gain =~ 20,
Zous(open loop) =10k, Zoyui(closed loop)
= 500 ohms, and G{(closed loop) ~ 9.5.

SOME TYPICAL OP-AMP CIRCUITS

4.28 General-purpose lab amplifier
Figure 4.74 shows a dc-coupled “decade
and wide-range dc output offset. IC; is

a FET-input op-amp with noninverting
gain from unity (0dB) to x100 (40dB) in

i

SOME TYPICAL OP-AMP CIRCUITS
4.28 General-purpose lab amplifier

accurately calibrated 10dB steps; a vernier
is provided for variable gain. 1Cy is an
inverting amplifier; it allows offsetting the
output over a range of 10 volts, accu-
rately calibrated via Ri4, by injecting cur-
rent into the summing junction. Co—Cy
set the high-frequency rolloff, since it is
often a nuisance to have excessive band-
width (and noise). ICs is a power booster
for driving low-impedance loads or cables;
it can provide +:150mA output current.
Some interesting details: A 10MS in-

put resistor is small enough, since the bias
current of the 411 is 25pA (0.3mV error
with open input). Ry, in combination with
D4 and Dy, limits the input voltage at the
op-amp to the range V_ to V4 + 0.7. D3
is used to generate a clamp voltage at
V_ +0.7, since the input common mode
range extends only to V- (exceeding
V_ causes the output to reverse phase).
With the protection components shown,
the input can go to =150 volts without
damage.

CZ
16pF

100kHz
C, 160pF \) -rollnﬂ
—o Sy
10kHz
v, v, 1kHz
R!
a7k D, R, 25k C, 1600pF
' .
3 w 1N914 @ input ! V
zero V. Ry
(o * R 100k 1%
input \27 1
Zia = 10MS2 \ v 100k 1% *
W <150V = Siuo ¢, D2 e
L 100pF 3
- 25k 1%
Ry D Rg . = 115V
- 4.7k 1 l\igl 4 2.80k zero-center
V. 100k 1%
R7 RB HQ RIO
13.0k 3.09 <9090 S 280Q
1% 1% 1% 1% ) offset
0dB 10 20 30 40dB S, po!
() 0 0 o} o 0
0 +
S50 y ©
Ve -m = -
+5.00V
REF.02 20 Rig
S‘k 10.0k 1%
}% g .
= 10 wrns +10.0V [10.0k 1%
V, = +15V offset 100V
V_=-15V R
10.0k
1% O RZ‘

Figure 4.74. Laboratory dc amplifier with output offset.
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EXERCISE 4.12
Check that the gain is as advertised. How does
the variable offset circuitry work?

4.29 Voltage-controlied oscillator

Figure 4.75 shows a clever circuit, bor-
rowed from the application notes of
several manufacturers. ICp is an inte-~
grator, rigged up so that the capacitor
current (Vin/200k) changes sign, but
not magnitude, when @ conducts. ICy
is connected as a Schmitt trigger, with
thresholds at one-third and two-thirds
of Vy. Qi is an n-channel MOSFET,
used here as a switch; it is simpler to
use than bipolar transistors in this sort
of ‘ application, but an alternative cir-
01'11.t using npn transistors is shown in ad-
dlthn. In either case, the bottom side of
Ry is pulled to ground when the output

is HIGH and open-circuited when the out-
put is LOW.

An pnusual feature of this circuit is its
operation from a single positive supply.
The 3160 (internally compensated version
of the 3130) has FETs as output transis-
tors, guaranteeing a full swing between 17
and ground at the output; this ensures
that the thresholds of the Schmitt don’t
drift, as they would with an op-amp of
f:onventional output-stage design, with its
ill-defined limits of output swing. In this
case this means that the frequency and am-
plitude of the triangle wave will be sta-
ble. Note that the frequency depends on
'fhe ratio .Vin/Vy; this means that if Vi,
is generated from Vi by a resistive di-
vider (made from some sort of resistive
transducer, say), the output frequency
wop’t vary with V., only with changes in
resistance.

X ¢, tv.
0< V,, <2(V, —1.5V) 0.054F iy,
. — V, (+5V to+12V) triangle out 3
R,
100k 1% Ve .
3160
* — U
RZ —
49.9k 1% Ry ground
29.9% 1% square out
= V.
f=150 —~
Ra v, Hz
49.9k
1% L
Q, =
1 cpaoo?
6 - -

bipolar substitute V.
for FET Q,

2N4124

2N4124

Figure 4.75. Voltage-controlied waveform
generator.

EXERCISE 4.13
Show that the output frequency is given by
fHz)= 150V;/ V4. Along the way, verify that
the Schmitt thresholds and integrator currents
are as advertised.

0 4.30 JFET linear switch

with Ron compensation

In Chapter 3 we considered MOSFET
linear switches in some detail. It is also
possible to use JEETSs as linear switches.
However, you have to be more careful
about gate signals so that gate conduction
doesn’t occur. Figure 4.76 shows a typical

arrangement. The gate is held well below
ground to keep the JFET pinched off. This .

means that if the input signals go negative,
the gate must be held at least Vp below
the most negative input swing. To bring
the FET into conduction, the control input
is brought more positive than the most
positive input excursion. The diode is then
reverse-biased, and the gate rides at source
voltage via the IM resistor.

+15 on =

“"’""d:Fk I
—15 . off control

Figufe 4.76

The awkwardness of this circuit prob-
ably accounts for much of the popularity

of MOSFETs in linear switch applications.

However, it is possible to devise an elegant
JFET linear switch circuit if you use an op-
amp, since you can tie the JFET source to
the virtual ground at the summing junction
of an inverting amplifier. Then you simply
bring the gate to ground potential to turn
the JFET on. This arrangement has the
added advantage of providing 2 method
of canceling precisely the errors caused by

SOME TYPICAL OP-AMP CIRCUITS
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finite Ron and its nonlinearity. Figure
4.77 shows the circuit.

Q,,Q,: matched pair

+5 off -
OV-—I_‘— on {TTL levels)

Figure 4.77. JFET-switched amplifier with
Ron cancellation.

There are two noteworthy features of
this circuit: (a) When Q. is ON (gate
grounded), the overall circuit is an inverter
with identical impedances in the input and
feedback circuits. That results in the can-
cellation of any effects of finite or non-
linear ON resistance, assuming the FETs
are matched in Ron. (b) Because of the
low pinch-off voltage of JFETS, the circuit

will work well with.a control signal of zero -

to +5 volts, which is what you get with
standard digital logic circuits (see Chap-
ters 8 and 9). The inverting configuration,

with @1’s source connected to a virtual

ground (the summing junction), simplifies

circuit operation, since there are no sig-

nal swings on Q1’s source in the ON state;

D; prevents FET turn-on for positive in- .
put swings when Q@ is OFFE, and it has no

effect when the switch is closed.

There are p-channel J FETs with low
pinch-off voltages available in useful con-
figurations at Jow prices. For example, the
1H5009-TH5024 family includes devices
with four input FETs and one cancellation
FET in a single DIP package, with Ron of
100 ohms and a price less than two dol-
lars. Add an op-amp and a few resistors
and you've got a 4-input multiplexer. Note
that the same Ron cancellation trick can

be used with MOSFET switches.
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[ 4.31 TTL zero-crossing detector

The circuit shown in Figure 4.78 gerierates
an output square wave for use with TTL
logic (zero to +5V range) from an input
wave of any amplitude up to 100 volts.
R;, combined with D; and Dy, limits the
input swing to —0.6 volt to +5.6 volts,
approximately. Resistive divider RgR3 is
necessary to limit negative swing to less
than 0.3 volt, the limit for a 393 compara-
tor. Rs and Rg provide hysteresis, with
R, setting the tiigger points symmetrically
about ground. The input impedance is
nearly constant, because of the large Ry
value relative to the other resistors in the
input attenuator. A 393 is used because its
inputs can go all the way to ground, mak-
ing single-supply operation simple.

EXERCISE 4.14
Verify that the trigger points are at+25mV atthe
input signal. .

O 4.32 Load-current-sensing circuit

The circuit shown in Figure 4.79 provides
a voltage output proportional to load

positive protection  center hysteresis
+5 +5

negative
protection

current, for use with a current regulator,
metering circuit, or whatever. The voltage
across the 4-terminal resistor Rs goes from
zero to 0.1 volt, with probable common-
mode offset due to the effects of resistance
in the ground lead (note that the power
supply is grounded at the output). For that
reason the op-amp is wired as a differen-
tial amplifier, with gain of 100. Voltage
offset is trimmed externally with Rg, since
the IT1013 doesn’t have internal trimming
circuitry (the single LT1006 does, how-
ever). A zener reference with a few percent
stability is adequate for trimming, since
the trimming is itself a small correction
(you hope!). The venerable 358 could have
been chosen because both inputs and out-
put also go all the way to ground. V. could
be unregulated, since the power-supply re-
jection of the op-amp is more than ade-
quate, 100dB (typ) in this case.

FEEDBACK AMPLIFIER FREQUENCY
COMPENSATION

If you ook at a graph of open-loop voltage
gain versus frequency for several op-amps,

I

— to logic gates, eic.

+25mV hysteresis {at input)

Figure 4.78. Zero-crossing level detector with input protection.
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433 Gain and phase shift versus frequency

v,

+12V to +30V {unregulated OK)

Ry
100 1%
6.2V
1N5234
A3
100 1%
power

source

Rs
4-terminal 0.012 1%
resistor 1ow

you'll see something like the curves in

Figure 4.80. From a superficial look at
such a Bode plot (a log-log plot of gain

100 [~

80

60

a0

voltage gain {dB)

20~

1 10 100 1k 10k 100k 1M 10M
frequency (Hz}

Figure 4.80

and phase versus frequency) you might
conclude that the 741 is an inferior op-
amp, since its open-loop gain drops off so
rapidly with increasing frequency. In
fact, that rolloff is built into the op-amp
intentionally and is recognizable as the

ground at output terminal

H?
10k 1%
2IN¢
R:
11 Vo=’L(Rs'EZ‘)
= LT1013 !
3, 4 2
R4
10k 1%
N
IL
; 0-10A
Lo
i- Figure 4.79. High-power

current-sensing amplifier.

same —6db/octave curve characteristic of
an RC low-pass filter. The 748, by com-
parison, is identical with the 741 except
that it is uncompensated (as is the 739).
Op-amps are generally available in inter-
nally compensated varieties and uncom-
pensated varieties; Iet’s take 2 look at this
business of frequency compensation.

4.33 Gain and phase shift
versus frequency

An op-amp (or, in general, any multistage
amplifier) will begin to roll off at some
frequency because of the low-pass filters
formed by signals of finite source imped-
ance driving capacitive loads within the
amplifier stages. For instance, it is com-
mon to have an input stage consisting of
a differential amplifier, perhaps with cur-
rent mirror load (see the 1M 358 schematic
in Fig. 4.54), driving a common-emitter
second stage. For now, jmagine that the
capacitor labeled Cc in that circuit is re-
moved.  The high output impedance
of the input stage, in combination with
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junction capacitance ;e and feedback ca-
pacitance Cgp (Miller effect, see Sections
2.19 and 13.04) of the following stage,
forms a low-pass filter whose 3dB point
might fall somewhere in the range of

100Hz to 10kHz.

The decreasing reactance of the capac-
jtor with increasing frequency gives rise
to the characteristic 6db/octave rolloff: At
sufficiently high frequencies (which may be
below 1kHz), the capacitive loading domi-
nates the collector load impedance, result-
ing in a voltage gain Gv = gmXc, ie,
the gain drops off as 1/ f. 1t also produces
a 90° lagging phase shift at the output rel-
ative to the input signal. (You can think
of this as the tail of an RC low-pass fil-
ter characteristic, where R represents the
equivalent source impedance driving the
capacitive load. However, it is not nec-
essary to have any actual resistors in the
circuit.) :

3z
3
g 6dB/octave
£
&
Q
<]
s s
c N\,
g 12dB/octave) N
o N
\,
N\,
BN
| [\ >
fa fa fa B‘/18dﬂloctave
frequency {log scale) \
Figure 4.81

In a multistage amplifier there will be
additional rolloffs at higher frequencies,
caused by low-pass filter characteristics in
the other amplifier stages, and"the over-
all open-loop gain will look something like
that shown in Figure 4.81. The open-

loop gain begins dropping at 6dB/octave
?.t. some low frequency f1, due to capac-
itive loading of the first-stage output. It

continues dropping off with that slope un-
til an internal RC of another stage rears its
ugly head at frequency f2, beyond which
the rolloff goes at 12dB/octave, and so on.

- 0
[x2]
=
£
= 10—
3
>
20 ! S
frequency (log scale)
—90° -
::Fi
8 45"
=
=3

0.1f348 10/ 308

IJdB

Figure 4.82. Bode plot: gain and phase versus
frequency.

phase shift

frequency {log)

Figure 4.83

What is the significance of all this?
Remember that an RC low-pass filter
has a phase shift that looks as shown in
Figure 4.82. Each low-pass filter within
the amplifier has a similar phase-shift
characteristic, so the overall phase shift of
the hypothetical amplifier will be as shown
in Figure 4.83.

FEEDBACK AMPLIFIER FREQUENCY COMPENSATION

Now here’s the problem: If you were
to connect this amplifier as an op-amp
follower, for instance, it would oscillate.
That’s because the open-loop phase shift
reaches 180° at some frequency at which
the gain is still greater than 1 (negative
feedback becomes positive feedback at that
frequency). That’s all you need to generate
an oscillation, since any signal whatsoever
at that frequency builds up each time
around the feedback loop, just like a public
address system with the gain turned up too
far.

Stability criterion

The criterion for stability against oscilla-
tion for a feedback amplifier is that its
open-loop phase shift must be less than
180° at the frequency at which the loop
gain is unity. This criterion is hardest to
satisfy when the amplifier is connected as
a follower, since the loop gain then equals
the open-loop gain, the highest it can be.
Internally compensated op-amps are de-
signed to satisfy the stability criterion even
when connected as followers; thus they are
stable when connected for any closed-loop
gain with a simple resistive feedback net-
work. As we hinted earlier, this is accom-
plished by deliberately modifying an exist-
ing internal rolloff in order to put the 3dB
point at some low frequency, typically 1Hz
to 20Hz. Let’s see how that works.

4.34 Amplifier compensation methods

Dominant-pole compensation

The goal is to keep the open-loop phase
shift much less than 180° at all frequencies
for which the loop gain is greater than
1. Assuming that the op-amp may be
used as a follower, the words “loop gain”
in the last sentence can be replaced by
“open-loop gain.” The easiest way to
do this is to add enough capacitance at
the point in the circuit that produces the

434 Amplifier compensation methods .

" initial 6dB/octave rolloff, so that the open-

loop gain drops to unity at about the 3dB
frequency of the next “natural” RC filter.
In this way the open-loop phase shift is
held at a constant 90° over most of the
passband, increasing toward 180° only as
the gain approaches unity. Figure 4.84

increase C
—
100dB
80dB uncompensated
c
k)
& 60dB
E compensated
f;:, 40dB
o
o
20dB

[=
=%
o

frequency {iog scale){
|

—270°

compensated

i
N
8

)

phase shift

|

©

=}
o

uncompensated
o°

Figure 4.84

shows the idea. Without compensation
the open-loop gain drops toward 1, first at
6dB/octave, then at 12dB/octave, etc., re-
sulting in phase shifts of 180° or more be-
fore the gain has reached 1. By moving the
first rolioff down in frequency (forming.a
«dominant pole”), the rolloff is controlled
so that the phase shift begins to rise above
90° only as the open-loop gain approaches
unity. Thus, by sacrificing open-loop gain,
you buy stability. Since the natural rolloff
of lowest frequency is usually caused by
Miller effect in the stage driven by the in-
put differential amplifier, the usual method
of dominant-pole compensation consists
simply of adding additional feedback ca-
pacitance around the second-stage transis-
tor, so that the combined voltage gain of
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the two stages is gmXc OF gm/ 27 f Ccomp
over the compensated region of the am-
plifier’s frequency response (Fig. 4.85). In
practice, Darlington-connected transistors
would probably be used for both stages.

+Vee

to output
stage

{push-puit
follower}

—Vee

Figure 4.85. Classic op-amp input stage with
compensation.

By putting the dominant-pole unity-gain
crossing at the 3dB point of the next rolloff,

you get a phase margin of about 45° in -

the worst case (follower), since a single
RC filter has a 45° lagging phase shift at
its 3dB frequency, i.e., the phase margin
equals 180°— (90° + 45°), with the 90°
coming from the dominant pole.

An additional advantage of using a
Miller-effect pole for compensation is that
the compensation is inherently insensitive
to changes in voltage gain with temper-
ature, or manufacturing spread of gain:
Higher gain causes the feedback capaci-
tance to look larger, moving the pole down-
ward in frequency in exactly the right way.
to keep the unity-gain crossing frequency
unchanged. In fact, the actual 3dB fre-
quency of the compensation pole is quite
irrelevant; what matters is the point at

which it intersects the unity-gain axis (Fig.

4.86).

don’t know {or care)

gain {log}

pick Ceomp for
gain out here

0dB {—

frequency_(log)

Figure 4.86

Uncompensated op-amps

If an op-amp is used in a circuit with
closed-loop gain greater than 1 (i.e., not
a follower), it is not necessary to put the
pole (the term for the “corner frequency”
of a low-pass filter) at such a low frequency,
since the stability criterion is relaxed be-
cause of the lower loop gain. Figure 4.87
shows the situation graphically.

open-loop gain
{uncompensated)
open-loop gain
{compensated for 30dB)
open-loop gain ’

100d8 |

{unity-gain compensation)

80dB |
£ I closed-loop gain
2 6oaB (30dB
@ compensation)
2 40d8 -
2048 - clos'ed-loop gain ’
. {unity-gain compensation)
0dB4—
:l frequency {log) \ \\
Figure 4.87

For a closed-loop gain of 30dB, the loop
gain (which is the ratio of the open-loop
gain to the closed-loop gain) is less than
for a follower, so the dominant pole can be
placed at a higher frequency. It is chosen

FEEDBACK AMPLIFIER FREQUENCY COMPENSATION

so that the open-loop gain reaches 30dB
‘(rather than 0dB) at the frequency of the
next natural pole of the op-amp. As the
graph shows, this means that the open-loop
gain is higher over most of the frequency
range, and the resultant amplifier will work
at higher frequencies. Some op-amps
are available in uncompensated versions
[e.g., the 748 is an uncompensated 741,
the same is true for the 308 (312), 3130
(3160), HAS5102 (HA5112), etc], with
recommended external capacitance values
for a selection of minimum closed-loop
gains. They are worth using if you need the
added bandwidth and your circuit operates
at high gain. An alternative is to use
«decompensated” (a better word might be
«yndercompensated”) 0p-amps, such as
the 357, which are internally compensated
for closed-loop gains greater than some
minimum (Ay > 5 in the case of the 357).

3 Pole-zero compensation

It is possible to do a bit better than with
dominant-pole compensation by using a
compensation network that begins drop-
ping (6dB/octave, a “pole”) at some low
frequency, then flattens out again (it has a
“zero”) at the frequency of the second nat-
ural pole of the op-amp. In this way the
amplifier’s second pole is “canceled,” giv-
ing a smooth 6dB/octave rolioff up to the
amplifier’s third pole. Figure 4.88 shows
a frequency response plot. In practice,
the zero is chosen to cancel the amplifier’s
second pole; then the position of the first
pole is adjusted so that the overall response
reaches unity gain at the frequency of the
amplifier’s third pole. A good set of data
sheets will often give suggested component
values (an R and a C) for pole-zero com-
pensation, as well as the usual capacitor
values for dominant-pole compensation.
As you will see in Section 13.06, moving
the dominant pole downward in frequency
actually causes the second pole of the

435 Frequency response of the feedback network

open-loop gain

|

g
o ~,
£ \\\
> response of
pole-zero
network

Figure 4.88

amplifier to move upward somewhat in
frequency, an effect known as “pole split-
ting.” The frequency of the canceling zero
will be chosen accordingly.

[ 4.35 Frequency response of the
feedback network

In all of the discussion thus far we have
assumed that the feedback network has
a flat frequency response; this is usuvally
. the case, with the standard resistive volt-
age divider as a feedback network. How-
ever, there are occasions when some sort
of equalization amplifier is desired (inte-
grators and differentiators are in this cat-
egory) or when the frequency response of
the feedback network is modified to im-
prove amplifier stability. In such cases it
is important to remember that the Bode
plot of loop gain versus frequency is what
matters, rather than the curve of open-
loop gain. To make a long story short, the
curve of ideal closed-loop gain versus fre-
quency should intersect the curve of open-
loop gain, with a difference in slopes of
6dB/octave. As an example, it is com-
mon practice to put 2 small capacitor (a
few picofarads) across the feedback resis-
tor in the usual inverting or noninverting
amplifier. Figure 4.89 shows the circuit
and Bode plot.
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uncompensated op-amps. It is simplest o
to use the compensated variety, and that’s %5
the usual choice. You might consider =
the internally compensated LF411 first, t
If you need greater bandwidth or slew
f rate, look for a faster compensated op-amp 8z
. [ o
10k (see Table 4.1 or 7.3 for many choices). ) M"A"...“.
c, If it turns out that nothing is suitable, -
= WF and the closed-loop gain is greater than gs =8 !
A _ unity (as it usually is), you can use an 5 & Bl It g <F f
uncompensated op-amp, with an external 3 5% . %, "
capacitor as specified by the manufacturer g &= £
for the gain you are using. E © <8 -
1°°st A number of op-amps offer another g .——fwo\‘r—lh T oS
B0UE — open-loop gain choice: a “decompensated” version, re- —
o ' quiring no external compensation compo-
5, 6008 - nents, but only usable at some minimum
) tesdback network without gain greater than unity. For example, the 2
g 4048 (closed-loop gain, /c, popular OP-27 low-noise precision op-amp & e o
20d8 WAy == > / (unity-gain-compensated) is available as = g% CEF
AN _ the decompensated OP-37 (minimum gain N
0d8 of 5), offering roughly seven times the
. i - e speed, and also as the decompensated
! HA-5147 (minimum gain of 10), with 15
Figure 4.89 times the speed. N
; . <8
The amplifier would have been close to . ES] 2 S'§
instability with a flat feedback network, 0 Example: 60Hz power source | A
since the loop gain would have been Uncompensated op-amps also give you the .
dropping at nearly. 12dB/octave where the flexibility of overcompensating, a simple . . h
curves meet. The capacitor causes the loop solution to the problem of additional phase i <8
gain to drop at 6dB/octave near the cross- shifts introduced by other stuff in the

ing, guaranteeing stability. This sort of feedback loop. Figure 4.90 shows a nice

consideration is very important when de-
signing differentiators, since an ideal dif-
ferentiator has a closed-loop gain that rises
at 6dB/octave; it is necessary to roll off
the differentiator action at some moder-
ate frequency, preferably going over to a
6dB/octave rolloff at high frequencies. In-
tegrators, by comparison, are very friendly
in this respect, owing to their, 6dB/octave
closed-loop rolloff. 1t takes real talent to
make a low-frequency integrator oscillate!

What to do

In summary, you are generally faced with
the choice of internally compensated or

example. This is a low-frequency amplifier
designed to generate a 115 volt ac power |
output from a variable 60Hz low-level
sine-wave input (it goes with the 60Hz
synthesizer circuit described in Section
8.31). The op-amp, together with R and
R3, forms a x 100 gain block; this is then
used as the relatively low “open-loop gain”
for overall feedback. The op-amp output
drives the push-pull output stage, which
in turn drives the transformer primary.
Low-frequency feedback is taken from the
transformer output via Ry, in order to
generate low distortion and a stable output
voltage under load variations. Because of

@
88
o
X8
=2
X
x -
-+

input

50-70Hz
Figure 4.90. Output amplifier for 60Hz power source.

2.5V rms
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the unacceptably large phase shifts of such
a transformer at high frequencies, the cir-
cuit is rigged up so that at higher fre-
quencies the feedback comes from the low-
voltage input to the transformer, via Cs.
The relative sizes of Ry and Ry are cho-
sen to keep the amount of feedback con-
stant at all frequencies. Even though high-
frequency feedback is taken directly from
the push—pull output, there are still phase
shifts associated with the reactive load (the
transformer primary) seen by the transis-
tors. In order to ensur¢ good stability,
even with reactive loads at the 115 volt
output, the op-amp has been overcompen-
sated with an 82pF capacitor (30pF is the
normal value for unity gain compensation).
The loss of bandwidth that results is unim-
portant in a low-frequency application like
this.

1200
1
: output voltage
_ vs.
> frequency
o 11604
) :
% output voltage
2 vs.
g X output power
3 1100+
E i
|
105.0 N D U 0
50 55 60 65 70
frequency (Hz)
SN IS | I—
0] 5 10 15
power (W)
Figure 491

An application such as this represents a
compromise, since ideally you Yvould like
to have plenty of loop gain to stabilize the
output voltage against variations in load
current. But a large loop gain increases the
tendency of the amplifier to oscillate, espe-
cially if a reactive load is attached. This is
because the reactive load, in combination

with the transformer’s finite output imped-
ance, causes additional phase shifts within
the low-frequency feedback loop. Since
this circuit was built to derive a telescope’s
synchronous driving motors (highly induc-
tive loads), the loop gain was intentionally
kept low. Figure 4.91 shows a graph of the
ac output voltage versus load, which illus-
trates good (but not great) regulation.

Motorboating

In ac-coupled feedback amplifiers, stability
problems can also crop up at very low fre-
quencies, due to the accumulated leading
phase shifts caused by several capacitively
coupled stages. Each blocking capacitor,
in combination with the input resistance
due to bias strings and the like, causes a
leading phase shift that equals 45° at the
low-frequency 3dB point and approaches
90° at lower frequencies. If there is enough
loop gain, the system can go into a low-
frequency oscillation picturesquely known
as “motorboating.” With the widespread
use of dc-coupled amplifiers, motorboating
is almost extinct. However, old-timers cafl
tell you some good stories about it.

SELF-EXPLANATORY CIRCUITS

4.36 Circuit ideas

Some interesting circuit ideas, mostly
lifted from manufacturers’ data sheets, are
shown in Figure 4.94.

4.37 Bad circuits

Figure 4.95 presents a z00 of intentional
(mostly) blunders to amuse, amaze, and
educate you. There are a few real howlers
here this time. These circuits are guar-
anteed not to work. Figure out why. All
op-amps run from +15 volts unless shown
otherwise.

ADDITIONAL EXERCISES

(1) Design a “sensitive voltmeter” to have
Zin = 1MQ and full-scale sensitivities of
1omV to 10V in four ranges. Use a 1mA
meter movement and an Op-amp. Trim
voltage offsets if necessary, and calculate
what the meter will read with input open,
assuming (@) Is = 25pA (typical for a
411) and () Ip = 80nA (typical for a
741). Use some form of meter protection
(.8, keep its current less than 200% of
full scale), and protect the amplifier inputs
from voltages outside the supply voltages.
What do you conclude about the suitability
of the 741 for low-level high-impedance
measurements?

(2) Design an audio amplifier, using an
OP-27 op-amp (low noise, good for
audio), with the following characteristics:
gain = 20dB, Zin = 10k, —3dB point =
20Hz. Use the noninverting configuration,
and roll off the gain at low frequencies in
such a way as to reduce the effects of in-
put offset voltage. Use proper design to

" minimize the effects of input bias current

on output offset. Assume that the signal
source is capacitively coupled.

(3) Designa unity-gain phase splitter (see
Chapter 2) using 411s. Strive for high
input impedance and low output imped-
ances. The circuit should be de-coupled.
At roughly what maximum frequency can
you obtain full swing (27V PP, with £15V
supplies), owing to slew rate limitations?
(4) El Cheapo brand loudspeakers are
found to have a treble boost, beginning at
2kHz (+3dB point) and rising 6dB/octave.
Design a simple RC filter, buffered with
AD611 op-amps (another good audio chip)
as necessary, to be placed between preamp
and amplifier to compensate this rise.
Assume that the preamp has Zows = 50k
and that the amplifier has Zin = 10k,
approximately.

(5) A 741 is used as 2 simple compara-

" tor, with one input grounded; ie., itisa
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zero-crossing detector. A 1 volt amplitude
sine wave is fed into the other input
(frequency 1kHz). What voltage(s) will the
input be when the output passes through
zero volts? Assume that the slew rate is
0.5V/ps and that the op-amp’s saturated
output is £13 volts.

(6) The circuit in Figure 4.92 is an exam-
ple of a “negative-impedance converter.”
(a) What is its input impedance? " (b) 1If
the op-amp’s output range goes from V. to'
V_, what range of input voltages will this
circuit accommodate without saturation?

R,
10k

input

{circuit has
no output)

10k

Figure 4.92

(7) Consider the circuit in the precéding
problem as the 2-terminal black box (Fig.
4.93). Show how to make a dc amplifier
with a gain of —10. Why can’t you make a
dc amplifier with a gain of +10? (Hint:
The circuit is susceptible to 2 latchup
condition for a certain range of source
resistances. What is that range? Can you
think of a remedy?)
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Figure 4.93
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