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R
10k

Figure 4.25. Simple active rectifier.

Veer™ .
1 diode drop
A
o
L\ cutput
0
/ op-amp } input
f/ output !
Veg (-
Figure 4.26. Effect of finite slew rate on the

simple active rectifier.

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 mput rises through zero volts. During
that interval the op-amp output is racing
up from saturation near —Vgg, so the cir-
cuit’s output is still at ground. A general-
purpose op-amp like the 411 has a slew rate
(maximmum rate at which the output can
change) of 15 volts per microsecond; re-
covery from negative saturation therefore
takes about Ius, which may introduce sig-
nificant output error for fast signals. A
circuit modification mmproves the situation
considerably (Fig. 4.27).

J

Figure 4.27. Improved active rectifier.

D1 makes the circuit a unity-gain
inverter for negative input signals. 1),
clamps the op-amp’s output at one diode
drop below ground for positive inputs, and
since [} is then back-biased, Vg sits at
ground. The improvement comes because
the op-amp’s output swings only two diode
drops as the input signal passes through
zero. Since the op-amp output has to slew
only about 1.2 volis instead of Vgg volts,
the “glitch” at zero crossings is reduced
more than tenfold. This rectifier is invert-
ing, incidentally. If vou require a nonin-
verted output, attach a unity-gain inverter
to the output.

The performance of these circuits is im-
proved if you choose an op-amp with z
high slew rate. Slew rate also influences
the performance of the other op-amp ap-
plications we've discussed, for instance the
simple voltage amplifier circuits. At this
point it is worth pausing for a while to see
in what ways real op-amps depart from the
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.

A DETAILED LOOK AT
OP-AMP BEHAVIOR

Figure 4.28 shows the schematic of the
741, a very popular op-amp. Its circuit is
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noninverting

inputs

inverting O
NS

relatively straightforward, in terms of the

‘Yinds of transistor circuils 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 pnow take a look at the extent
to which real op-amps depart from the

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

4.11 Departure from ideal op-amp
performance

The ideal op-amyp has these characteristics:
1. Input impedance (differential or com-
mon mode) = infinity

2. Output impedance (open loop) = 0

3. Voltage gain = infinity

4. Common-mode voltage gain = 0

5. Voue = 0 when both inputs are at the

same voltage (zero “offset voltage”)

6. Output can change instantaneously

(infinite slew rate)

a,

30002
Q,
Qs Qy
Qi Qy Qn 4
Qo
A, Ry ¢ Ry i Ay < flg iy
1k 50k © 1k 5K 50k & 10082 50k
b oV
offset offset
null null
Figure 4.28. Schematic of the 741 op-amp. (Courtesy of Fairchild Camera and Instroment Corp.}
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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 mput terminals sink (or source, de-
pending on the op-amp type) a small
current called the input bias current, Ig,
wiich 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
nanocamps, 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 resistor 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 nancamp or less for
(bipolar) transistor-input circuit types or
down to a few picoamps (107%1A) for
FET-input circuit types. The very lowest
bias currents are typified by the superbeta
Darlington LM 11, 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, I, is a result of man-
ufacturing variations, since an op-amp’s
symmetrical input circuit would otherwise
resuit 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 infls-
ences design.

Typically, the offset current is one-half
to one-tenth the bias current. For the 411,
Lofcer = 25pA, typical.

O 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
10*? ohms, while for BJT-input op-amps
like the 741 it is about 2M£). 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), Z;, in
practice is raised to very high values and
usually is not as important a parameter as
input bias current,

(3 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
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4.11 Departure from ideal op-amp performance

from =15 volt supplies, the guaranteed
common-mode input range is 11 volis
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 LM358 (a good dual
op-amp) or the LM10, CA3440, or OP-22,
and up to the positive supply, €.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.

01 Output impedance; output swing

versus foad resistance

Output impedance Ry 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 (o1 raises it, for
a current source); s what usually matters
more is the maximum outpuf current, with
typical values of 20mA or so. T his 1s fre-
quently given as a graph of output voltage
swing Vom as a function of load resistance,

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
Voo and Veg are possible into foad resis-
tances greater than about lk. Load resis-
tances significantly less than that will per-
mit only a small swing. Some op-amps ¢an
produce output swings ali the way down
to the negative supply (e.g., the LM33 g), 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,
ALDI1701, and ICL761x) can swing all the
way to both rails. The remarkable bipo-
lar LM 10 shares this property, without the
Hmited supply voltage range of the MOS
op-amps (usually =8V max).

['] Yoltage gain and phase shift

Typically the voltage gain A, at de 15
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 roltoff
beginning at some fairly low frequency (for
the 411 it begins at about 10Hz), an nten-
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 fp and 180°.
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Input offset voltage

Op-amps don’t have perfectly balanced in-
put stages, owing to manufacturing vari-
ations. If you connect the two inputs to-
gether for zero input signal, the output will
usually saturate at either Voo or Vg (you
can’t predict which). The difference in in-
put voltages necessary to bring the output
to zero is called the input offset voitage
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 input offset voltage to zero. For a
411 you use a 10k pot between pins I and
5, with the wiper connected to Veg.

Of greater importance for precision ap-
plications is the drift of the input offset
voltage with temperature and lime, since
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 unspec-
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 TCV,,
of 0.2uV/°C and long-term drift of
0.2 V/month.

Slew rate

The op-amp “compensation” capacit-
ance (discussed further in Section 4.32)
and small internal drive currents act to-
gether to Himit the rate at which the output
can change, even when a large input unbal-
ance occurs, This limiting speed 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/ps, while a high-speed op-amp might
slew at 100V/us, and the LH0O063C “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

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
2rAf volts per second. .

+14V

3Vius
Urmon = 34KHz)

W ius

{(Fre = 11k Hz)
maximum
slew rate

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 compensation,” increasing
to perhaps 30 times faster for x 100 gain

compensation. This is discussed further in
Section 4.32.

Temperature dependence

All these parameters have some temper-
ature dependence. However, this ustaliy
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 he used, with
external loads kept above 10k to minimize
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the horrendous effects on input-stage per-
formance caused Dy temperature gradients.
We will have much more 1o 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 nose
voltage and current (€n, in), and output

" crossover distortion. These become signif-

icant limitations only 1n connection with
precision circuits and low-noise amplifiers,
and they will be treated in Chapter 7.

12 Efiects of op-amp limitations on
circuit behavior

Let's go back and look at the inverting
amplifier with these limitations in mind.
You will see how they affect performance,
and you will learn how 10 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.

Ay

fy

Figure 4.30

Qpen-loop gain

Because of finite open-loop gain, the volt-
age gain of the amplifier with feedback
(closed-loop gain) will begin dropping at
a frequency where the open-loop gain ap-
proaches Ra/Rs (Fig. 4.31). For garden-
variety op-amps like the 411, this means
that youre dealing with a relatively low
frequency amplifier; the open-loop gain is
down to 100 at 50kHz, and fr is 4MHz.
Note that the closed-loop gain is always

less than the open-loop gaif this means,
for instance, that a x100 amplifier built
with a 411 will show a noticeable falloff of
gain for frequencies approaching S0kHz.
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.

108

109
open-§con
gain fr

104 ;
308 7 5 (closed loop)

10*

10%

woltage gain

closed-loop
gain

101

i I ] ] J. b d
1 16100 ik 10k 100k 1M 10M

frequency {Hz)

Figure 4.31. LE411 gain versus frequency
(“Baode plot™).
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% 24
5 w0
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$ 16
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o |

D B
Tk 10k 100k M 10M
frequency (Hz)

Figure 4.32. Output swing 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/ s
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slew rate. For slew rate 5, the output
amplitude is limited to A(pp) < S/nf 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.

As an 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 Hmiting the
slew rate, the fast spikes can be dramati-
cally reduced without any distortion of the
underlying signal.

Outiput 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 1s a good 1dea 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
2
20
18
16
14
12

10

8 | I I ] ] )
0.1 02 G5 10 26 50 10

lead resistance {k}

peak-to-peak cutput swing (V]

Figure 4.33. Output swing versus load (LF411},

Offset voltage

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

gutput could be as large as £60.2 volt when
the input is grounded (V.. = 2mV max).
Solutions: (a) If you don’t need gain at dc,
use a capacitor to drop the gain to unity at
de, 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 V,;. (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., Vos = 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, I'g, 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 Ry || Ry, so the bias current
produces a voltage Vi, = Ig(R; || Ra),
which is then amplified by the gain at dc,
~Ra/R,.

With FET-input op-amps the effect is
usually negligible, but the substantiat input
current of bipolar op-amps can cause real
problems. For example, consider an in-
verting amplifier with J; = 10k and Rz =
1M; these are reasonable values
for an imverting stage, where we might
like to keep 7, at least 10k, If we
chose the low-noise bipolar LM833, the
output (for grounded input) could be as
large as 100x1000nAx9.9k, or 0.99 volt
(G acl B Rynbatance), 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

I

P s T sl a1~ = %
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4.12 Effects of op-amp limitations on circuit behavior

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, itisa
good idea to ensure that both inputs 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 Ik to 100k or so.
A third cure involves reducing the gain to
unity at dc, as in the RIAA amplifier ear-
lier.

100k
~ANNY
10k
e N e
L
g1k 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
these op-amps, you can have the advan-
tages of bipolar op-amps (precision,
low noise) without the annoying problems

caused by input current. ¥or example,
the precision low-noise bipolar OP-27 has
Iz =10nA (typ), the inexpensive bipolar
LM312 has Ip =1.5nA (typ), and its im-
proved bipolar cousins (the LT1012 and
LM11) have Iz = 30pA (typ). Among in-
expensive FET op-amps, the JFET LF411
has Iy = 50pA (typ), and the MOSFET
TLC270 series, priced under a dollar, have

Ip = IpA (typ).

input offset current

As we just described, it is usually best to
design circuits so that circuit impedances,
combined with op-amp bias current, pro-
duce negligible errors. However, occasion-
ally it may be necessary to use an op-aimp
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 (G gelosset Msource), due to unavoid-
able asymmetry in the op-amp input cur-
rents. In general, Jofset is smaller than
Tiias 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,
taking 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 oOp-amp
integrator circuit, finite input current
produces an output ramp (rather than
a constant) with zero applied input.
As you become familiar with op-amp cir-
cuits you will be able to predict 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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op-amps with the very lowest input cur-  Limitations imply trade-offs

rents (MOSFET types) generally have poor

voltage offsets, and vice versa. Good cir-  The limitations of op-amp performance we
cuit designers choose their components have talked about will have an influence
with the right trade-offs to optimize perfor- 01 component values in nearly all circuits.
mance, without going overboard on un- For instance, the feedback resistors must
necessary “gold-plated” parts. be large enough so that they don’t load the

“Here Yesterday, Gone Today”

A
=

In its untiring quest for better and fancier chips, the semiconductor industry can sometim*gs cause
you great pain. it might go something fike this: You've designed and prototyped a wghderful new
gadget; debugging is complete, and you're ready to go into production. When yousTy ta order the

rts, you discover that a crucial IG has béen discontinued by the manufactur # An even worse
%\t}mare goes like this: Customers have been complaining about late defivery’on some instrument
that You've been manufacturing for many years. When you go to the a embly area to find out
what's\»{ong, you discover that a whole production run of boards is byﬂt, except for one IG that
“hasn’t cOme in yet.” You then ask purchasing why they haven't expes fed the order; turns outthey
have, just haven't recelved it. Then you learn from the distributor thafthe part was discontinued six

months ago, afid that none is available! ;
Why does thggnggpen, and what do you do about it? We}g,é generally found four reasons that
ICs are discontinued’ /

1. Ohsolescence: Muctrgetter parts come along, and it dgg;n‘t make much sense to keep making
the old ones. This has b&‘m&:rticularly true with digital F’ﬁemory chips (e.g., small static RAMs and
EPROMSs, which are supersetigd by denser and fasteﬂ’tersiong each year), though linear ICs have
not entirely escaped the purge. Inthese cases theresds often a pin-compatible improved version that
you can plug into the old socket. \ Vi

2. Not selling enough: Perfectly good ;s sometimes disappear. f you are persistent enough, you
may get an explanation from the manufaciuge 7 “there wasn't enough demand,” or some such story.
You might characterize this as a case of " ngntinued for the convenience of the manufacturer.”
We've been particularly inconveniencegbs*ﬁy Hiuris’'s discontinuation of their splendid HA4925 ~ a
fine chip, the fastest quad ccmparatog;"now gonké‘,\v;ith no replacement anything like it. Harris also
discontinued the HA2705 - another tg‘ereat chip, the fagtest low-power op-amp, Now gone without &
trace! Sometimes a good chip is discontinued when the wafer fabrication line changes over 1o a
larger wafer size (e.g., fromthe e)”?iginal 3/l diameter water to a 5" or 6" wafer). We've noticed that
Harris has a particutar fondn%s”"s for discontinuing exceiler\}f'tvand unique chips; intersii and GE have
done the same thing. _;ﬁf _

3. Lost schematics: You _i"ém not believe it, but sometimes the%@ﬁﬁiaonﬁuctor house foses track of
the schematic diagram ¢f some chip and can't make any more! Thf@fpparently happened with the
Solid State Systems $65-4404 CMOS 8-stage divider chip. w.ﬁ\

4. Marufacturer out5f business: This aiso happened to the 555-4404!

If you're stuc ith a hoard and no available |G, you've got several c;éi\s 5. You can redesign
the board {and gerhaps the circuif) to use something that is available. This is probably bestif you're
going into pr Auction with a new design or if you are running a large production of &n existing board.
Acheap & 69 dirty solution is to make a littie “daughterboard” that plugs inio the empty 1C socket
and in?ge;s whatever it takes to emulate the nonexistent chip. Although this fatter solution isn't
terribly elegant, it gets the job done.
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output significantly, but they must not be
so large that input bias current produces
sizable offsets. High impedances in the
feedback network also increase suscepti-
bility to capacitive pickup of interfering
signals and increase the loading effects of
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 a 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-
tied 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-
ically wind up with collector currents in
the range of a few tens of microamps to
a few tens of milliamps (igher for power
circuits, sometimes a bit lower in “mi-
cropower” applications), as mentioned in
Chapter 2.

In the next three chapters we will look
more carefully at some of these problems
n order to give you a good understanding
of the trade-offs involved.

EXERCISE 4.6
Draw a de-coupled inverting amplifier with gain
of 100 and Z;, == 10K. Include compensation
for input bias current, and show offset voltage
rimming network (10k pot between pins 1 and

5, wiper tied to V_.). Now add circuitry so that-

Zin = 108 ohms.

e4.13 Low-power and

programmable op-amps

;QW#‘V-

r battery-powered applications there
is a popular group of op- fps known as
progravpmable op-amps,” because all of
the interhal operatigg"”currents are set by
an externally appfled current at a bias
programming ‘gin. The internal quiescent
currents arg4ll related to this bias current
by currenfmirrors,

off supply currents, typically from a few

PGPULAR OP-AMPS

Sometimes a new op-amp comes along at just the right time, filling a vacuum with its combination
of performance, convenience, and price. Several companies begin to manufacture it (it becomes
“second-sourced'), designers become famitiar with it, and you have a hit. Here is a list of some

popular favorites of recent times:

301 First easy-to-use op-amp; first use of “lateral pnp.” Externat compensation. National,

741 The industry standard for many years. Internal compensation, Falrchild.

1458 Motorola’s answer to the 741; two 741s in a mini-DIP, with no offset pins.

308 National's precision op-amp. Low power, superbeta, guaranteed drift specifications.

324 Popular guad op-amp {358=dua!, mini-DIP). Single-supply operation. National.

355 All-purpose bi-FET op-amp (356, 357 faster). Practically as precise as bipolar, but faster
and lower input current. National. (Fairchild tried to get the FET ball rolling with their 740,
which flopped because of poor performance. Would you believe 0.1V input offset?)

TLO81 Texas Instruments’ answer to the 355 series. Low-cost comprehensive series of singles,
duals, quads; low power, low noise, many package styles.

LF411 National's improved bi-FET series. Low offset, low bias, fast, low distortion, high output
current, low cost. Dual (LF412) and low-power variants {L.F441/2/4).
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microamps to a few milliamps. The  even comes in duals and triples (the 8022
slew rate, gain-bandwidth product fr, and 8023, respectively). As anﬁg_;)i'zéimpie of
and “input bias current are Al roughly  the soxt of performance you gén expect for
proportiqnal to the programpied operating operatidn at low supply cgrfénts, let’s look

current. J\len programg;é*’d to operate at  at the 42 F0pA. To get that
a few microamps, proggé”mmable op-amps  operating current, wethave to supply a bias

are extremely\useful#in battery-powered  current of L5uA th an external resistor.
circuits. We will\ggéat micropower design When it is opegated ay that current, fr is
in detail in Chaptex 14. 75kHz, the sléw rate is°Q.05V/ps, and the

The 4250 was thév{r‘tiginal programma-  input biasicurrent Ip is 3nA. At low op-
ble op—amp,z,ﬁé‘?ld it is 8 Ql a good unit for eratingﬁ“urrents the outputxd-r\ive capabil-
many app};jﬁ%ations. Dev'é‘lgped by Union ity isfeduced considerably, and, the open-
Carbide,# this classic is how “second- ioopﬁloutput impedance rises to"astound-
sourced”™ by many manufacturers, and it  ing levels, in this case about 3.5k. At low

o

THE 741 AND ITS FRIENDS

Bob Widlar designed the first really successtul monolithic op-amp back in 1965, the Fairchild pATOS.
it achieved great popularity, but it had some problems, in particular the tendency to gointo a latch-up
mode when the input was overdriven and Its lack of output short-circuit protection. it also required
external 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
io b volts.

Widiar moved from Fairchild to National, where he went on to design the LM301, an improved
op-amp with short-circuit protection, freedom from latch-up, anda 30-volt differential input range.
Widiar 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 stil required three external companents for offset trimming.

Meanwhile, over at Fairchild the answer to the 301 (the now-famous 741) was taking shape. it
had the advantages of the 301, but Fairchild engineers opted for internal frequency compensation,
freeing two pins to allow simplified offset trimming with a single external trimmer. Since most circuit
applications don't require offset trimming (Widlar was right), the 741 in normal use requires no
components other than the feedback network itself. The rest is history — the 741 caught on like
wildfire and became firmly entrenched as the industry standard.

There are now numerous 741-type amps, essentially similar in design and performance, but with
various features such as FET inputs, dual or quad units, versions with improved specifications,
decompensated and uncompensated versions, etc. We list some of them here for reference and as
a demonstration of man’s instinet to clutch onto the coattails of the famous {see Table 4.1 for amore
complete fisting).

Single units Duyal units Quad units

7418 fagt (10V/us) 747 dual 741 MC4741  quad 741{alias 348)
MCT4IN low noise OP-04 precision OP-11 precision

oP-02 precision 1458 mini-DIP package 4136 fast (3MHz}

4132 fow power {351A) 4558 fast (15V/us) HA4605  fast (4V/us)
LF13741 FET low input current TLOB2 FET, fast (similar  TLOB4 FET, fast (similar
748 uncompensated to LF353) to LF347)
NES530 fast (25V/ps) LF412 FET, fast

TLOS! FET, fast (similar to LF351)

LF4il FET, fast
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theimput signal; it is a ful};wﬁﬁ{?ﬁe rectifier.
As usuahthe use of ofgg@atiﬁ’fm and feedback
eliminates the~giod® drops of a passive
full-wave regpiffer.

P

B—Outpur
Figure 4 45, Active full-wave rectifier,
RZ
10k 1%
i, Vo
10k 1%
iCy
Vin o Vo\ﬂ
X
Lo
RJ
10k ““Va,_c
Figure 4.46
EXERCISE 4.9

Figure out how the circuit in Figure 4.45 works.
Hint: Apply first a positive input voltage, and ste
what happens; then do negative.

el
Figure. 4.46 shows aifther absolute-
value circurtsJt is "wdily understandable
ination of an optional
mverter (1% and an dttye clamp {(IC3).

o

e

For positive input levels the ‘é‘famp is
out of ihe circuit, with oﬂi,;tc-s’g output at
negative 3aturation, makire IC; a unity-
gain inve Thus the output is equal
to the absolite va}gé"«of the input voltage.
By’ running 2" from a single positive
Supply, you a¥oid problems of slew-rate
limitations*in the mp, since its output
maoves pYer only one divde drop. Note that
no grﬁﬁt accuracy is requireq\of Rs.

ol

[

out

Figure 4.47, Integrator,

%4.19 Integrators

Op-amps allow you to make nearly perfect
integrators, without the restriction that
Vour € V. Figure 4.47 shows how it’s
done. Input current Vin/ R flows through
C. Because the inverting input is a virtual
ground, the output voltage is given by

Vin/R = = C{dVous /dt)
or

1
Vs = ﬁ—angn dt + constant

The input can, of course, be a current,
in which case R will be omitted. Ope
problem with this circuit as drawn is that
the output tends to wander off, even with
the input grounded, due to op-amp offsets
and bias current (there’s no feedback at
de, which violates rule 3 in Section 4.08),
This problem can be minimized by using
a FET op-amp for low input current and
offset, trimming the op-amp input offset
voltage, and using large R and C values.
In addition, in many applications the in-
tegrator is zeroed periodically by closing a
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4] reset
~10 ._I’_]._

+15 reset
—~15 J—l-

Ay
22M82
fi-channel !
..___[ JFET -—T[ n-channel MOSFET
15 ufF
i bt s | -
A,
100k
A - A
positive
e QUTDUE B
only
A i B c -

4.48. Op-amp integrators with reset switches,

switch placed across the capacitor (usually
a FET), so only the drift over short time
scales matters. As an example, an inex-
pensive FET op-amp like the LF4}1 1 {25pA
typical bias current) trimmed to a voltage
offset of 0.2mV and used in an integrator
with B =10MQ and C' = 10uF will pro-
duce an output drift of less than 0.003 volt
in 1000 seconds.

If the residual drift of the integrator is
still too large for a given application, it
may be necessary to put a large resistor R,
across U to provide dc feedback for sta-
ble biasing. The effect is to roll off the
integrator action at very low frequencies,
J <1/ RyC. Figure 4.48 shows ntegrators
with FET zeroing switch and with resis-
tor bias stabilization. The feedback resis-
tor may become rather large in this sort
of application. Figure 4.49 shows a trick
for producing the effect of a large feedback
resistor using smaller values, In this case
the feedback network behaves like a sin-
gle 10MX2 resistor in the standard invert-
ing amplifier circuit giving a voltage gain
of ~100. This technique has the advan-
tage of using resistors of convenient values
without the problems of stray capacitance,
etc., that occur with very large resistor val-
ues. Note that this “T-network”™ trick may
increase the effective input offset voltage,
if used in a transresistance configuration

(Section 4.09). For example, the circuit of
Figure 4.49, driven from a high-impedance
source (e.g., the current from a photodi-
ode, with the input resistor omitted), has
an output offset of 100 times V,,, whereas
the same circuit with a 10MS2 feedback re-
sistor has an dutput equal to V,, (assuming
the offset due to input current is neghgi-
ble).

100k 160k

Figure 4.49

{1 A circuit cure for FET leakage

In the integrator with a FET reset switch
(Fig. 4.48), drain-source leakage sources a
small current into the summing junction
even when the FET is OFF With an ultra-
tow-input-current op-amp and fow-leakage

e et N

IR R ey
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capacitor, this can be the dominant error
in the integrator. For example, the ex-
celient AD549 JFET-input “electrometer”
op-amp has a maximum input current of
0.06pA, and a high-quality 0.01uF metal-
lized Teflon or polystyrene capacitor spec-
ifies leakage resistance as 107 megohms,
minimum. Thus the integrator, exclusive
of reset circuit, keeps stray currents at the
summing junction below IpA (for a worst-
case 10V full-scale output), corresponding
to an output dV/df 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 Vps = 10V and Vgg = OV! In other
words, the FET contributes 10,000 times

bined.

#y CRC type 483
(R > 107Mf)

ADS49
{7y = BOTA, max)

Figure 4.50

Figure 4.50 shows a clever circuit solu-
tion. Although both n-channel MOSFET's
are switched together, (Q; is switched with
gate voltages of zero and 4-15 volis 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, Qy's

as much leakage as everything else com- %

small leakage passes to ground through R
with negligible drop. There is no leakage
current at the summing junction because
@1’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.

c
—{—

Figure 4.51

%, 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 curtent I = C(dVi,/dt) and hence an
output voltage

dV;

Vout = “RC d;n

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 R; and %
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 .

o
01 OP-AMP QPERATON WITH
A SINGLEROWER SUPPLY

Op—ayﬁg don¥{ require 15 volt regulated
supplies. They san be operated from spiit
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capable of pulling its output to ground,
even when sinking moderate current sSome
exatinles are the ICL76zz, the 1MC660,
160. (b) Op-amps with an npn
itter ’zrans‘1stor;ﬁt§§i ground be-
i.c., they caft pull their out-
put to ground syen wi}ﬁ;;ife sinking current.
Examples are thb 10, CAS5422, and
IT1013/14. Botjkipds of output stages
can, of course,gfandlengn open circuit or
a load that gfnks current™>No ground. (c)
Some op-aiips, notably the §}8 and 324,
use a pyb follower to ground (which can
only pﬁ% down to within a diode drop of
groufid), in parallel with an 7pn current
sink (with compliance clearﬁ;ﬁ'grouﬂd). In
the 358, “the internal cugrent sink is set
at S0pA. Such a circyif can swing clear
down to grmf%d\as igfig as it doesn’t have
to sink more thap’50uA from the load,
If the load soug{gé?% meye current, the out-
put only worlks to with{fh diode drop of
ground. A%ia%fore, this kindwf output cir-
cuit is haPpy sowrcing current, to a load
that is péturned to ground (as in, the pho-
tomeigr example earlier). {d) Finally, some
sing_,}“é—supply op-amps (e.g., the OP-90) use
a pinp follower to ground, without:the par-
allel current sink. Such an out%},ﬁ stage can
SWing tor\g ound only if the lgad helps out
by sinking surrent, 1., byfgeing returned
to ground. If'you wantggffs use such an op-
amp with a loa . thagfources current, you
have to add an exfj;é‘r’rg}al resistor to ground
(Fig. 4.57). &

A note of caution: Don’t ake the mis-
take of as§p%ing that you can_make any
op-amp’sfoutput work down to'the nega-
tive rail simply by providing an external
currefit sink. In most cases the circuitry
driving the output stage does not permit
that. Look for explicit permission in the
data sheet!

L
o
2

e
: single—sjyﬁfﬂy dc amplifier
Figure 4.5
noninvertjﬂmé’

{,w

&
néws a typical single-supply
plifier to amplify an

P
inpyt signal of known positive polagi,.féf.
The 1gput, output, and positive sup‘giéf}are
all reféxenced to ground, which i@ﬂ‘ie neg-
ative sudply voltage for the opAmp. The
output “pulldown” resistor m’ﬁy be needed
with what wexgalled type—ﬁmpiiﬁers to en-
sure output swing all ghie way to ground,
the feedback ne ofk or the load itself
could perform thiss fanction. An important
point: Remember th the output cannot
20 negative, ?ﬁs you ‘c%%ot use this am-
plifier with,gay, ac-couple udio signals.

Singte—s)f’ppiy op-amps arg, indispens-
able in bﬁéttery-operated equipment. We'll

b

have m@re to say about this in Chapter 14.

%OMPARATORS 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 car-
rent when the amplitude reaches & 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
Jess than the unknown voltage and displays
the result when equality of amplitudes is
reached. The resultant count is propot-
tional to the input voltage. This is called
single-stope integration; in most sophisti-
cated instruments a dual-slope integration
is used {see Section 9.21).

%23 Comparators

The simplest form of comparator 1s 2 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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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 LM306,
LM311, LM393, NE527, and TEC372,
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
NE521 slews at several thousand volts per
microsecond. With comparators, the term
“slew 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
+15V supplies), a comparator chip usu-
ally has an “open-collecior” 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 they 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 +35 volts
to ground when the input signal goes nega-
tive. This use of & comparator is really an
example of analog-to-digital conversion,

L

Figure 4.60

This is the first example we have pre-
sented of an open-collector output; this is
a common configuration in logic circuits,
as you will see throughout Chapters §-11.
If vou like, vou 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 bhms; small values yield improved
switching speed and noise imrnunity 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, gotden rule
I 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 mput signal sees a
changing load and changing (small)

input current as the comparator switches;
if the driving impedance is too high,
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strange things may nappen. (©) Some COm-
parators permit onty limited differential
ipput 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

e L trigger potnt
{voltage al other input
of comparator}

“ N m“ output

Figure 4.61

multipte
fransttions
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Figure 4.62

%24 Schmitt trigger

The simple comparator circuit in Figare
4.60 has two disadvaniages. For a very
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slowly varying input, the output swing €an

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 ve remedied by the use of
positive feedback (Fig. 4.62). The effect
of Ra 18 t0 make the circuit have two
thresholds, depending O 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 -+3 volts is 5.0 vols. A noisy
input is less jijkely to produce multiple
triggering (Fig. 4.63). Furthermore, the
positive feedback ensures 4 rapid output
transition, regardiess of the speed of the
input waveform. (A smail “speedup”
capacitor of 10-100pF 18 often connected
across Rs to enhance switching speed still
further)  This configuration is known
as a Schmitt trigger. (If an op-amp
were used, the puliup would be omitted.)

e e rnffeen high threshold
low theeshold

0
Figure 4.63
w 5
g
w
[e]

%,_WLHMWL‘W
g a8 5.0
input

Figure 4.64

The output depends both on the input volt-
age and on its recent history, a% effect
called hysteresis. This can be iHlustrated
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 resig-
tive divider (R, £2,) 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 Ry to produce the required
hysteresis, noting that the hysteresis equals
the output swing, attenuated by a resistive
divider formed by R; and Ry {|R,. Finally,
choose an output pullup resistor B, small
enough to ensure nearly full supply swing,
taking account of the loading by R3. 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.

input

Figure 4.65

Discrete-iransistor Schmitt trigger @

A Schmitt trigger can also be made simplyj
with transistors (Fig, 4.65). @1 and Q,
share an emitter resistor. It is essential
that ¢Jy’s collector resistor be farger than
J2’s. In that way the threshold to turn

on G, which is one diode drop above
the emitter voltage, rises when (J; is
turned off, since the emitter current is

higher with ), conducting. This produces
hysteresis in the trigger threshold, just as

in the preceding integrated circuit Schmitt
trigger.

EXERGISE 4,10

Design a Schmitt trigger using a 311 comparator
{open-collector output) with thresholds at +1.0
voltand +1.5volts. Usea 1.0k pullupresistor to
+5 volts, and assume that the 311 is powarad
from 15 volt supplies.

% EEDBACK WITH
INITE-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
behavidr we have come to expect. In this
section we will quantify these statements
S0 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 a noninverting amplifier
(Fig. 4.66). The amplifier has open-loop
voltage gain A4, and the feedback network
subtracts a fraction B of the output voltage
from the input. (Later we will generalize
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things so that inpuis and outputs can be
currents or voltages.) The input to the gain
block is then Vip — BV But the output
is just the input times A

A(Vm - BVout) = Vout
In other words,

A
Vo) = =WV
out 1+ABV“

and the closed-loop voltage gain, Vour/ Vin,
18 just
A

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

G

aul

Figure 4.50

{426 Effects of feedback on

ampiifier 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 4, G =
1/B. We saw this result in the noninvert-
ing amplifier configuration, where a volt-
age divider on the output provided the

FEEDBACK WITH FINITE-GAIN AMPLIFIERS
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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 volt-
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, suppose A de-
pends on frequency as in Figure 4.67. This

10,000 ¢~

5000
Y

1000
Figure 4.67

will surely satisfy anyone’s definition of a
poor amplifier (the gain varies over 2 fac-
tor of 10 with frequency). Now jmagine we
introduce feedback, with B = 0.1 {(a sim-
ple voltage divider will do). The closed-
loop voltage gain now varies from 1000/{1
4-(1000%0.1)], or 9.90, to 10,000/[1 +
(10,000><0.1)}, or 9.99, a variation of just
10 over {he same range of frequency! To
put it in andio terms, the original amplifier
is flat to £-10dB, whereas the feedback am-
plifier is flat to +0.04dB. We can now -
cover the original gain of 1000 with nearly
this linearity by just cascading three such
stages. 1f 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-
fer 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 {0 effect extraordi-
nary improvement in constancy of ampli-
fcation and freedom from nonlinearity.”
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" Vdil!
BV {

i

Figure 4.68

1t is easy to show, by taking the partial
derivative of G with respect to A (0G /9 A4),
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
AR 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 15
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 configuration, for mstance,
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 muiltiplies the open-loop input im-
pedance by | +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
bueking 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 Vi, is re-
duced by BVyu, putting a voltage Vaig =
Vip — BV,y: across the inputs of the am-
plifier. The input current is therefore

Vin - BVout . V; (1 - BT—%*E%MB”)
R; B R;
_ Vin
- ~ (1+ AB)R;

Iy =

giving an effective input resistance

R} = Via/Iin = (1 + AB)R;

Figure 4.69

The classic op-amp noninverting amplifier
is exactly this feedback configuration, as
shown in Figure 4.69. In this circut,
B = Ry/(R: + Rj), giving the usual
voltage-gain expression Gy = 1 + Ra /Ry
and an infinite input impedance for the
ideal case of infinite open-loop voltage gain
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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 poninverting circuit
and has to be analyzed separately. It’s
best to think of it as & combination of
gnal by an input resistor driving a shunt feedback

stage (Fig. 4.70). The shunt stage alone has
five in- its input at the “summing junction” (the
edback. inverting input of the amplifier), where the
currents from feedback and input signals

ge feed-
_similar are combined (this amplifier connection
an op- is really a “trapsresistance” configuration;
tance as it converts a current input to 2 voltage
7 is re- output). Feedback reduces the impedance
Ve = looking into the summing junction, Ra, by
the am- a factor of 1 +A (see if you ¢an prove this).
ore In cases of very high loop gain (e.g, an op-

amp) the input impedance 1s reduced to a
_",,é__.) fraction of an obm, a good characteristic

for a current-input amplifier. Some good
examples are the photometer ampiifier in
Section 4.22 and the logarithmic converter
b 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 Ry and the impedance looking into the
summing junction. For high loop gain, Rin
approximately equals Fj.

(¢

Ry Ra

= R, =
2=
A T+ A P

. 7z _Zlopen loop! Zom B TR
amplifier o TrA , . Ziopenioopl
-ation, as M 1 AB
R Ry
s circult, (3 “E Rz)
the usual _ )
+ Rsy / R; Figure 4.’?0.. Input and qutpui 1mpedgnces _for
e for the (A} transresistance amplifier and (B) inverting

ltage gain 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 18

G = —A(1 ~ B)/(1+ AB)

where B is defined as before, B =
Ri/(Ri+ Ra). Inthe limit of large open-
loop gain A, G = ~ 1/B+ 1 (e, G =
—Raf Ry).

EXERCISE 4.1
Derive 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 voliage or the output current.
In the first case the open-loop output
impedance will be reduced by the factor
| + 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 pegin 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 14
to the output; by calculating the output
current [, we get the output impedance
Ry, = V/I Voltage V at the output
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puts a voltage — BV 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)
Ry - Ro

giving an effective output impedance
Rg = V/I = Rg/(l + 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)gc 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

I =

Ry =Ry

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.

(1 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 stili con-
nected), you must use the modified open-
loop gain. Finally, the preceding expres-
sions assume that the beta network 1s uni-
directional, i.e., it does not couple signal
from the input to the output.

4.27 Two examples of transistor

+ibV Vv
cc
Ay $50mA
62082 {2.50)
@ AV
{2800
‘1(&0\ éimA ’\ ™ a '/ﬁ watt
o} —
/’/ { ~
B
c, f 50
2.2uF 4 ——
signat ¢ ~0.4V a, oAy 100k x [T ™
in AN k\w‘ 7 4 ©
3 3V, g Rg
AR 58
100k 8
N\ /
== -
C, P\WOS _iwatt
T ATy k.
10ma é - ~
0,045 1y, = 250 L A
matched pair - A
1.5k
Vee

Figure 4,72, Transistor power amplifier with negative feedback.

—15V
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. . . . i
gain at the quiescent point.is 3.5 x 600, Openloop " Closed loop

Since @a’s.gain depends on AN ;;ﬂw -1 e +10
y

series feedbacks*So the input
impedance is“zaised by#€1 -+ loop gain).
The feedback networkéis a voltage divider
with B = 1/30 at gi¥fnal frequencies, so the
loop gain AB is?70. T ednput impedance
is therefore 70 x 16k, stifl paralleled by
the 100k MBias resistor, ie, about 92k
The hias IgSiSEOI" now dominates the input
impedance.

Output impedance: Sincg-the output
i voltage is sampled, the output impedance
? ; is reduc%b (1 + logp®gain). The output \
’ impedance is“therefore 0.3 ohm. Note  Figure 4.73 "
that this is a sm %Q@<impedance and v

h

A i i

18 collsgctor current thfzre is sngstan'tial Zwm 16k 16kpClek 9k ek 92k :

change Of gainsWith signal swing, ie, 7o 00 200 08, 030 030 030 g

. nonlinearityydThe gain is tabulated in the  Gain 1360 100 2400\3960\30.84 30.90 T
’ foiiowingﬁéﬁt%ﬁ@nm@? values of output ; - r
voltag%;i“‘ ‘ & v 5

- Fi [l

4 200 S

{0 Closed loop. Input impedarice: This %”3 _ \
circuit us f
i

does not mean’that 2 hohm load could be O Series feedback pair
driven toﬁ,:i”éarly full swi g for mstance.
The 5 gim emiiter resistors in the output
stage limit the large signal swing. For . X ! I’
ins%ance, a4 ohmgloadgcould begdriven an amp ‘iﬁe.r Of. its base-emitter \fgjf:ége
only to 10 volts pp, approximat ely: drop (thmgimg in the Ebers—M}qI}y%;ense),
Gain: The gain is A /(1A B). At the feedback&sampl'cs the. og;pﬁ vqitage

. if and subtracts &fraction of itffom the mput

the ~quigscent point, that+€quals 30.84, ) NN
asing g ctpvalue : if}B_qIn order to s1g1’1a1. This circ it 1§&§s%1t tricky becausg
illustrate the gaits g“ ility achieved with @2’s collector resigtel doubles as the feed-

negative feedb agiﬁ;" “he dverall volta ge gain back network. ﬁ@‘lﬁfply g the techniques we

: ' AN : d earlier¥ou shoul be able to show
g of the circuity®ith and without feedback = U5¢ . o

' is tabuiatg}gﬁgt three values of cutput level t‘;}at g;gfﬁ’ﬁl}l loc;p)w "{0?{00’ Iooplgalr:l '; 20,
at the ed of this paragraph. It should  “ousd@pen loop) =10k, Zy.(closed loop)

be obvious that negative-féedback has 00 ohms, and Gi(closed loop) ~ 9.5.
brought abayt considegable improvement

in the amplifier c_ha"fécteristics, although SOME TYPICAL OP-AMP CIRCUITS

Figure 4.73 shows another transistor am-
plifier with feedback. Thinking of Q1 as

in fairness it shq be pointed out that
the amplifier gbuld hive been designedJ
for better og}ég-loop perforinance, e.g., by

using z cg;;f’rent source for Q\g’S collector  Figure 4.74 shows a de-coupled “decade
load and {egenerating its emitter, by using  amplifier” with settable gain, bandwidth,
a current*source for the differential-pair  and wide-range dc output offset. IC, is
emitter circuit, etc. Even so, feedback a FET-input op-amp with noninverting
would still make a large improvement. gain from unity (OdB) to x 100 (40dB) in

4.28 General-purpose lab amplifier
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accurately calibrated 10dB steps; a vernier
is provided for variable gain. ICy is an
inverting amplifier; it allows offsetting the
output over a range of +10 volts, accy-
rately calibrated via Hj4, by injecting cur-
rent into the summing junction. Cy — (4
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 3:150mA. output current.
Some interesting details: A 1OMS) in-

input
2 = 10M82
1V, 1 < 180y

a, R Ry
130k <309k < 909G
% 1% 1%
0ds 10 20 30

put resistor is small enough, since the bias
current of the 411 is 25pA (D.3mV error
with open input). R, in combination with
Dy and Dy, limits the input voltage at the
op-amp to the range V_ to V. + 0.7. Dy
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
16F

100kHz
A N— \o 8y

10kHz

wm_{ TkHz

C, 1600pF

R!E
W00k %

BV
zero-center

A
280€

% offsetl
40d8 Sy pai

N 18
IC3 0.0V |1G.0k 1%

411
v, = 415V ~10,0v
Vo= a5y A @ g
1.0k 10k
% v.
AAN
_[—'W o
=2 10.0k 1% = V.

Figure 4.74, Laboratory dc amplifier with output offset.




