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Ch2: Transistors

INTRODUCTION

The transistor is our most important ex-
ample of an "active" component, a device

that can amplify, producing an output sig-
nal with more power in it than the input

signal. The additional power comes from
an external source of power (the power

supply, to be exact). Note that voltage am-
plification isn't what matters, since, for ex—
ample, a step-up transformer, a "passive"
component just like a resistor or capaci-
tor, has voltage gain but no power gain.

Devices with power gain are distinguish-
able by their ability to make oscillators, by
feeding some output signal back into the
input.

It is interesting to note that the prop—
erty of power amplification seemed very
important to the inventors of the transis-

tor. Almost the 'first thing they did to
convince themselves that they had really

invented something was to power a loud—

speaker from a transistor, observing that
the output signal sounded louder than the
input signal.

The transistor is the essential ingredi-
ent of every electronic circuit, from the

simplest amplifier or oscillator to the most

elaborate digital computer. Integrated cir-
cuits (ICs), which have largely replaced cir-
cuits constructed from discrete transistors,

are themselves merely arrays of transistors

and other components built from a single

chip of semiconductor material.
A good understanding of transistors is

very important, even if most of your
circuits are made from ICs, because you
need to understand the input and output
properties of the IC in order to connect
it to the rest of your circuit and to the
outside world. ln addition, the transistor

is the single most powerful resource for

interfacing, whether between ICs and other
circuitry or between one subcircuit and
another. Finally, there are frequent (some

might say too frequent) situations where
the right IC just doesn't exist, and you
have to rely on discrete transistor circuitry

to do the job. As you will see, transistors
have an excitement all their own. Learning

how they work can be great fun.
Our treatment of transistors is going

to be quite different from that of many
other books. It is common practice to
use the h—parameter model and equivalent
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TRANSISTORS

Chapter 2  

circuit. In our opinion that is unnecessar—
ily complicated and unintuitive. Not only
does circuit behavior tend to be revealed to

you as something that drops out of elabo-
rate equations, rather than deriving from a
clear understanding in your own mind as

to how the circuit functions; you also have

the tendency to lose sight of which param-
eters of transistor behavior you can count
on and, more important, which ones can
vary over large ranges.

In this chapter we will build up instead a
very simple introductory transistor model

and immediately work out some circuits
with it. Soon its limitations will become

apparent; then we will expand the model

to include the respected Ebers-Moll c011-
ventions. With the Ebers-Moll equations

and a simple 3-terminal model, you will
have a good understanding of transistors;

you won't need to do a lot of calculations,

and your designs will be first-rate. In par-

ticular, they will be largely independent of
the poorly controlled transistor parameters
such as current gain.

Some important engineering notation

should be mentioned. Voltage at a tran—

sistor terminal (relative to ground) is in—

dicated by a single subscript (C, B, or

E): V0 is the collector voltage, for in—
stance. Voltage between two terminals is

indicated by a double subscript: VBE is
the base-to-emitter voltage drop, for in-
stance. If the same letter is rcpcatcd, that
means a power—supply voltage: VCC is the
(positive) power—supply voltage associated
with the collector, and VEE is the (neg-
ative) supply voltage associated with the
emitter.

2.01 First transistor model: current

amplifier

Let's begin. A transistor is a 3-terminal
device (Fig. 2.1) available in 2 flavors (npn

and pnp), with properties that meet the
following rules for npn transistors (for pnp
simply reverse all polarities):
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1. The collector must be more positive
than the emitter.

2 The base-emitter and base-collector

circuits behave like diodes (Fig. 2.2).

Normally the base—emitter diode is con—
ducting and the base-collector diode is re—
verse-biased, i.e., the applied voltage is
in the opposite direction to easy current
flow.

col lect Dr C

bass 3 ‘Qfi
E

. as.mm mm

EQ
3 t'.‘ T09?

Figure 2.1. Transistor symbols, and small
transistor packages.

inc C/- " ' ,/"3i

«npn Lia/\E‘ pnp 3r 2!" f\ Kw
'5 “‘9 E ‘ia\ \u E

Figure 2.2. An ohmmeter's View of a transis—tor's terminals.

3. Any given transistor has maximum
values of 1C, 13, and VCE that cannot

be exceeded without costing the exceeder
the price of a new transistor (for typical
values, see Table 2.1). There are also other

limits, such as power dissipation (IO V33).
temperature, VBE, etc., that you must keep
in mind.

4. When rules 1—3 are obeyed. IC is rough-

ly proportional to IE and can be written as

where ting, the current gain (also called
beta), is typically about 100. Both Io
and IE flow to the emitter. Note: The
collector current is not due to forward

conduction of the base-collector diode;



that diode is reverse—biased. Just think of
it as "transistor action."

Property 4 gives the transistor its useful—

ness: A small current flowing into the base
controls a much larger current flowing into
the collector.

Warning: hFE is not a "good" transistor
parameter; for instance, its value can vary

from 50 to 250 for different specimens of a
given transistor type. It also depends upon
the collector current, collector-to-emitter

voltage, and temperature. A circuit that
depends on a particular value for by}; is
a bad circuit.

Note particularly the effect of property 2.

This means you can't go sticking a voltage
across the base—emitter terminals, because
an enormous current will flow if the base

is more positive than the emitter by more
than about 0.6 to 0.8 volt (forward diode

drop). This rule also implies that an op-

erating transistor has VB 2 VE + 0.6 volt

(VB = VE + VBE). Again, polarities are
normally given for npn transistors; reverse

them for pnp.

Let us emphasize again that you should

not try to think of the collector current
as diode conduction. It isn't, because the

collector—base diode normally has voltages
applied across it in the reverse direction.
Furthermore, collector current varies very

little with collector voltage (it behaves like
a not—too—great current source), unlike for—
ward diode conduction, where the current

rises very rapidly with applied voltage.

SOME BASIC TRANSISTOR CIRCUITS

2.02 Transistor switch

Look at the circuit in Figure 2.3. This ap—

plication. in which a small control current

enables a much larger current to flow in an-
other circuit, is called a transistor switch.

From the preceding rules it is easy to un-
derstand. When the mechanical switch is

open, there is no base current. So, from

SOME BASIC TRANSISTOR CIRCUITS
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HOV

‘IUV 0.1A
mechanical Iamn
gNuch

1 .Ok

Figure 2.3. Transistor switch example.

rule 4, there is no collector current. The

lamp is off.
When the switch is closed, the base

rises to 0.6 volt (base-emitter diode is in

forward conduction). The drop across
the base resistor is 9.4 volts, so the base

current is 9.4mA. Blind application of rule

4 gives [C = 940mA (for a typical beta
of 100). That is wrong. Why? Because

rule 4 holds only if rule 1 is obeyed; at a

collector current of lOOmA the lamp has
10 volts across it. To get a higher current
you would have to pull the collector below

ground. A transistor can't do this, and
the result is what's called saturation - the

collector goes as close to ground as it can

(typical saturation voltages are about 0.05—
0.2V, see Appendix G) and stays there. In
this case. the lamp goes on, with its rated
10 volts across it.

Overdriving the base (we used 9.4mA
when l.0mA would have barely sufficed)
makes the circuit conservative; in this

particular case it is a good idea, since

a lamp draws more current when cold

(the resistance of a lamp when cold is 5
to 10 times lower than its resistance at

operating current). Also transistor beta

drops at low collector—to—base voltages, so
some extra base current is necessary to

bring a transistor into full saturation (see
Appendix G). Incidentally, in a real circuit

you would probably put a resistor from
base to ground (perhaps 10k in this case)
to make sure the base is at ground with

the switch open. It wouldn't affect the

0016
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"on" operation, because it would sink only
0.06mA from the base circuit.

There are certain cautions to be ob-

served when designing transistor switches:

]. Choose the base resistor conservatively
to get plenty of excess base cun‘ent, es-
pecially when driving lamps, because of
the reduced beta at low VCE. This is

also a good idea for high-speed switching,
because of capacitive effects and reduced

beta at very high frequencies (many mega—

hertz). A small "speedup" capacitor is of—
ten connected across the base resistor to

improve high-speed performance.

2. If the load swings below ground for
some reason (e.g., it is driven from ac,
or it is inductive), use a diode in series

with the collector (or a diode in the reverse

direction to ground) to prevent collector-
base conduction on negative swings.

3. For inductive loads, protect the transis-
tor with a diode across the load, as shown

in Figure 2.4. Without the diode the in—

ductor will swing the collector to a large
positive voltage when the switch is opened,

most likely exceeding the collector-emitter

breakdown voltage, as the inductor tries to
maintain its "on" current from VCC to the

collector (see the discussion of inductors in
Section 1.31).

+vrr

Figure 2.4. Always use a suppression diode
when switching an inductive load.

Transistor switches enable you to switch

very rapidly, typically in a small fraction of

a microsecond. Also, you can switch many
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different circuits with a single control sig-

nal. One further advantage is the possibil-
ity of remote cold switching, in which only
dc control voltages snake around through

cables to reach front-panel switches, rather
than the electronically inferior approach

of having the signals themselves traveling

through cables and switches (if you run lots

of signals through cables, you're likely to
get capacitive pickup as well as some sig-

nal degradation).

"Transistor man "

Figure 2.5 presents a cartoon that will help
you understand some limits of transistor

 
E

Figure 2.5. "Transistor man" observes the base
current, and adjusts the output rheostat in an
attempt to maintain the output current ftp-E
times larger.

behavior. The little man‘s perpetual task

in life is to try to keep [C = hFEIB;
however, he is only allowed to turn the
knob on the variable resistor. Thus he

can go from a short circuit (saturation)

to an open circuit (transistor in the "off

state), or anything in between, but he isn't
allowed to use batteries, current sources,

etc. One warning is in order here: Don't
think that the collector of a transistor
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looks like a resistor. It doesn't. Rather,

it looks approximately like a poor-quality
constant—current sink (the value of current

depending on the signal applied to the
base), primarily because of this little man‘s
efforts.

Another thing to keep in mind is that,
at any given time, a transistor may be (a)
cut off (no collector current), (b) in the

active region (some collector current, and
collector voltage more than a few tenths
of a volt above the emitter), or (c) in
saturation (collector within a few tenths of

a volt of the emitter). See Appendix G on
transistor saturation for more details.

2.03 Emitter follower

Figure 2.6 shows an example of an emitter
follower. It is called that because the out-

put terminal is the emitter, which follows

the input (the base), less one diode drop:

V5 2 VB — 0.6 V011

The output is a replica of the input, but 0.6
to 0.7 volt less positive. For this circuit,

Vin must stay at +0.6 volt or more, or

else the output will sit at ground. By
returning the emitter resistor to a negative
supply voltage, you can permit negative
voltage swings as well. Note that there is
no collector resistor in an emitter follower.

*lDV

Figure 2.6. Emitter follower.

At first glance this circuit may appear

useless, until you realize that the input

impedance is much larger than the out-
put impedance, as will be demonstrated

shortly. This means that the circuit re-
quires less power from the signal source
to drive a given load than would be the

case if the signal source were to drive the
load directly. Or a signal of some inter-
nal impedance (in the Thévenin sense) can
now drive a load of comparable or even
lower impedance without loss of amplitude

(from the usual voltage-divider effect). In
other words, an emitter follower has cur-

rent gain, even though it has no voltage
gain. It has power gain. Voltage gain isn't
everything!

Impedances of sources and loads

This last point is very important and is
worth some more discussion before we

calculate in detail the beneficial effects of

emitter followers. In electronic circuits,

you're always hooking the output of some—

thing to the input of something else, as

suggested in Figure 2.7. The signal source
might be the output of an amplifier stage
(with Thevenin equivalent series imped-
ance Zout), driving the next stage or per-

haps a load (of some input impedance Zin)-

In general, the loading effect of the follow-
ing stage causes a reduction of signal, as we
discussed earlier in Section 1.05. For this

reason it is usually best to keep Zout << Zin
(a factor of 10 is a comfortable rule of
thumb).

In some situations it is OK to forgo
this general goal of making the source stiff
compared with the load. In particular, if
the load is always connected (e.g., within

a circuit) and if it presents a known and
constant Zm, it is not too serious if it

"loads" the source. However, it is always

nicer if signal levels don't change when
a load is connected. Also, if Zin varies

with signal level, then having a stiff source

(Zout < Zin) assures linearity, where oth-
erwise the level—dependent voltage divider
would cause distortion.

Finally, there are two situations where

Zout << Zin is actually the wrong thing to
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first .‘rmphhe: second amplifier

Figure 2.7. Illustrating circuit "loading" as a voltage divider.

do: In radiofrequency circuits we usually

match impedances (Zout = 21.1), for
reasons we'll describe in Chapter 14. A
second exception applies if the signal being
coupled is a current rather than a voltage.
In that case the situation is reversed, and

one strives to make Zin << Zout (Zom =
00, for a current source).

Input and output impedances of emitter
followers

As you have just seen. the emitter
follower is useful for changing impedances
of signals or loads. To put it bluntly, that's
the whole point of an emitter follower.

Let's calculate the input and output

impedances of the emitter follower. In
the preceding circuit we will consider R
to be the load (in practice it sometimes is
the load; otherwise the load is in parallel

with R, but with R dominating the parallel
resistance anyway). Make a voltage change

AVB at the base; the corresponding change
at the emitter is AVE = AVB. Then the

change in emitter current is

So

1 AVEA)" Z ——A = —-——
B hf¢+ 1 IE .(hfgfi l)

0019

(using IE = IC+IB). The input resistance
is AVE/A13. Therefore

rill : (hfc + HR

The transistor beta (hfe) is typically
about 100, so a low-impedance load looks
like a much higher impedance at the base;
it is easier to drive.

In the preceding calculation, as in Chap-

ter 1, we have used lower-case symbols

such as hfa to signify small-signal (incre-
mental) quantities. Frequently one con-

centrates on the changes in voltages
(or currents) in a circuit, rather than the

steady (dc) values of those voltages (or
currents). This is most common when

these "small—signal" variations represent
a possible signal, as in an audio amplifier,
riding 011 a steady dc "bias" (see Section
2.05). The distinction between dc cur-

rent gain (hFE) and small-signal current
gain (hfe)lSIl't always made clear, and the
term beta is used for both. That's alright,

since hfe m hFE (except at very high fre-
quencies), and you never assume you know
them accurately, anyway.

Although we used resistances in the
preceding derivation, we could generalize

to complex impedances by allowing AVB,

AIB, etc., to become complex num—
bers. We would find that the same



transformation rule applies for imped—

ances: Zin 2 (life + UZIQM.
We could do a similar calculation to

find that the output impedance zout of an

emitter follower (the impedance looking
into the emitter) drlven from a source of

internal impedance Zsource is given by

zsource

hfe + l

Strictly speaking, the output impedance of
the circuit should also include the parallel

resistance of R, but in practice Zout (the
impedance looking into the emitter) dom-
inates.

EXERCISE 2.1

Show that the preceding relationship is correct.
Hint: Hold the source voltage fixed, and find
the change in output current for agiven change
in output voltage. Remember that the source
voltage is connected to the base through a
series resistor.

Because of these nice properties, emit-

ter followers find application in many
situations, e.g., making low-impedance sig-
nal sources within a circuit (or at out—

puts), making stiff voltage references from

higher-impedance references (formed from

voltage dividers, say), and generally isolat-
ing signal sources from the loading effects
of subsequent stages.

Figure 2.8. An npn emitter follower can source
plenty of current through the transistor, but can
sink limited current only through its emitter
resistor.

SOME BASIC TRANSISTOR CIRCUITS
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Use a follower with base driven from a voltage
divider to provide a stiff source of +5 volts from
an available regulated +15 vo|t supply. Load
current [max] = 25mA. Choose your resistor
values so that the output voltage doesn't drop

more than 5% under full load.

Important points about followers

1. Notice (Section 2.01, rule 4) that in

an emitter follower the npn transistor can
only "source" current. For instance, in
the loaded circuit shown in Figure 2.8 the

output can swing to within a transistor

saturation voltage drop of V00 (about
+9.9V), but it cannot go more negative
than —5 volts. That is because on the

extreme negative swing, the transistor can
do no more than turn off, which it does at

—4.4 volts input (—5V output). Further
negative swing at the input results in

backbiasing of the base-emitter junction,
but no further change in output. The
output. for a 10 volt amplitude sine—wave
input, looks as shown in Figure 2.9.

 
  
 

i output
3 timeB \-3

I“ "clipping"

Figure 2.9. Illustrating the asymmetrical cur—
rent drive capability of the npn emitter fol—
lower.

Another way to view the problem is
to say that the emitter follower has low
small—signal output impedance. Its large-

signal output impedance is much larger

(as large as RE). The output impedance
changes over from its small-signal value to

its large-signal value at the point Where the
transistor goes out of the active region (in

this case at an output voltage of -5V). To
put this point another way, a low value of

small-signal output impedance doesn't
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necessarily mean that the circuit can
generate large signal swings into a low—

resistance load. Low small-signal output
impedance doesn't imply large output cur-

rent capability.
Possible solutions to this problem

involve either decreasing the value of
the emitter resistor (with greater power

dissipation in resistor and transistor),
using a pnp transistor (if all signals are
negative only), or using a "push-pull"
configuration, in which two comple-

mentary transistors (one npn, one pnp),

are used (Section 2.15). This sort of prob-

lem can also come up when the load of
an emitter follower contains voltage or
current sources of its own. This happens

most often with regulated power sup—
plies (the output is usually an emitter fol—

lower) driving a circuit that has other
power supplies.

2. Always remember that the base-emit-
ter reverse breakdown voltage for silicon
transistors is small, quite often as little

as 6 volts. Input swings large enough to
take the transistor out of conduction can

easily result in breakdown (with conse—

quent degradation of hpfi] unless a
protective diode is added (Fig. 2.10).

Figure 2.10. A diode prevents base-emitter
reverse voltage breakdown.

3. The voltage gain of an emitter follower
is actually slightly less than 1.0, because
the base—emitter voltage drop is not really

constant, but depends slightly on collector
current. You will see how to handle that

later in the chapter, when we have the

Ebers-Moll equation.

0021

  

2.04 Emitter followers as voltage

regulators

The simplest regulated supply of voltage
is simply a zener (Fig. 2.1 1). Some current
must flow through the zener, so you choose

Vi _ Vout
R

Because Vin isn't regulated, you use the
lowest value of Vin that might occur for
this formula. This is called worst—case

design. In practice, you would also worry
about component tolerances, line-voltage

limits, etc., designing to accommodate

the worst possible combination that would
ever occur.

> rout (max)

VII'I 7 Vour -
(unregulated. R

with some
ripple)

zener

Figure 2.1 1. Simple zener voltage regulator.

The zener must be able to dissipate

(Vi _Vout 1 t)— _ on I. zener
a R i

Again, for worst-case design, you would
use Vin (max), Rmi“, and Iout (min).

P3211815 _

EXEKHE 2.3

Design a +10 volt regulated supply for load
currents from 0 to 100mA; the input voltage is
+20 to +25 volts. Allow at least 10mA zener

current under all (worst—case) conditions. What
power rating must the zener have?

This simple zener-regulated supply is
sometimes used for noncritical circuits, or

circuits using little supply current. How-
ever, it has limited usefulness, for several
reasons:

1. Vout isn't adjustable, or settable to a
precise value.

2. Zener diodes give only moderate ripple
rejection and regulation against changes of



input or load, owing to their finite dynamic
impedance.
3. For widely varying load currents a high-
power zener is often necessary to handle
the dissipation at low load current.

By using an emitter follower to isolate

the zener, you get the improved circuit
shown in Figure 2.12. Now the situa-
tion is much better. Zener current can be

made relatively independent of load cur—
rent, since the transistor base current is

small, and far lower zener power dissipa-
tion is possible (reduced by as much as

l/hpE). The collector resistor R0 can be
added to protect the transistor from mo-
mentary output short circuits by limiting
the current, even though it is not essential
to the emitter follower function. Choose

RC so that the voltage drop across it is

less than the drop across R for the highest
normal load current.

 
(unregulated)

Figure 2.12. Zener regulator with follower,
for increased output current. RC protects the
transistor by limiting maximum output current.

EXERCBE 2A

Design a +10 volt supply with the same specifi-
cations as in Exercise2.3. Use azener and emit-

ter follower. Calculate worst-case dissipation
in transistor and zener. What is the percentage
change in zener current from the no—Ioad con—
dition to full load? Compare with your previous
circuit.

A nice variation of this circuit aims

to eliminate the effect of ripple current

(through R )on the zener voltage by sup-
plying the zener current from a current

SOME BASIC TRANSISTOR CIRCUITS
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source, which is the subject of Section 2.06.
An alternative method uses a low-pass
filter in the zener bias circuit (Fig. 2.13).

R is chosen to provide sufficient zener cur-
rent. Then C is chosen large enough so

that RC >> 1/fripple- (In a variation of
this Circuit, the upper resistor is replaced
by a diode.)

V l n

(unregulated)

 
Vnu}

Figure 2.13.
regulator.

Reducing ripple in the zener

Later you will see better voltage reg-
ulators, ones in which you can vary the
output easily and continuously, using feed-

back. They are also better voltage sources,
with output impedances measured in milli-
ohms, temperature coefficients of a few
parts per million per degree centigrade,
etc.

* Var:

 
Figure 2.14

2.05 Emitter follower biasing

When an emitter follower is driven from a

preceding stage in a circuit, it is usually

OK to connect its base directly to the
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previous stage's output, as shown in Figure
2.14.

Because the signal on Ql’s collector is
always within the range of the power sup-

plies, Q2’s base will be between V00 and
ground, and therefore Q2 is in the active

region (neither cut off nor saturated), with
its base—emitter diode in conduction and

its collector at least a few tenths of a volt

more positive than its emitter. Sometimes,

though, the input to a follower may not
be so conveniently situated with respect to
the supply voltages. A typical example is a

capacitively coupled (or ac-coupled) signal
from some external source (e.g., an audio

signal input to a high-fidelity amplifier).
In that case the signal's average voltage is

zero, and direct coupling to an emitter fol-
lower will give an output like that in Figure
2.15.

input

  
 

output

Figule 2.15. A transistor amplifier powered
from a single positive supply cannot generate
negative voltage swings at the transistor output
terminal.

It is necessary to bias the follower
(in fact, any transistor amplifier) so that

collector current flows during the entire
signal swing. In this case a voltage divider
is the simplest way (Fig. 2.16). R1 and R2

are chosen to put the base halfway between
ground and V00 with no input signal,

i.e., R1 and R2 are approximately equal.
The process of selecting the operating

voltages in a circuit, in the absence of

applied signals, is known as setticg the

quiescent point. In this case, as in most
cases, the quiescent point is chosen to
allow maximum symmetrical signal swing
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of the output waveform Without clipping
(flattening of the top or bottom of the
waveform). What values should R1 and

R2 have? Applying our general principle
(Section 1.05), we make the impedance of

the dc bias source (the impedance looking

into the voltage divider) small compared
with the load it drives (the dc impedance
looking into the base of the follower). In
this case,

R1|IR2 << hFERE

This is approximately equivalent to saying
that the current flowing in the voltage

divider should be large compared with the

current drawn by the base.

 
Figure 2.16. An ac-coupled emitter follower.
Note base bias voltage divider.

Emitter follower design example

As an actual design example, let's make an
emitter follower for audio signals (20Hz to

20kHz). VCC is +15 volts, and quiescent
current is to be lmA.

Step 1. Choose VE. For the largest possible
symmetrical swing without clipping, VE =
0.5Vcc, or +7.5 volts.

Step 2. Choose RE. For a quiescent
current of lmA, RE = 7.5k.

Step 3. Choose R1 and R2. VB is VE+
0.6, or 8.1 volts. This determines the ratio

of R1 to R2 as 1: 1.17. The preceding
loading criterion requires that the parallel
resistance of R1 and R2 be about 75k

or less (one-tenth of 7.5k times hFE).



Suitable standard values are R1 = 130k,
R2 = 150k.

Step 4. Choose C1. C1 forms a high-pass
filter with the impedance it sees as a load,

namely the impedance looking into the

base in parallel with the impedance look-
ing into the base voltage divider. If we
assume that the load this circuit will drive

is large compared with the emitter resistor,
then the impedance looking into the base
is hFERE, about 750k. The divider looks

like 70k. So the capacitor sees a load of
about 63k, and it should have a value of

at least 015,111: so that the 3dB point will
be below the lowest frequency of interest,
20Hz.

Step 5. Choose C2. Cg forms a high-
pass filter in combination with the load

impedance, which is unknown. However,
it is safe to assume that the load impedance

won't be smaller than RE, which gives a

value for C2 of at least 1.0[LF to put the

3dB point below 20Hz. Because there are
now two cascaded high-pass filter sections,
the capacitor values should be increased
somewhat to prevent large attenuation

(reduction of signal amplitude, in this case

6dB) at the lowest frequency of interest.

01 = 0.5,uF and 02 = 3.3,uF might be
good choices.

Followers with split supplies

Because signals often are "near ground," it
is convenient to use symmetrical positive

and negative supplies. This simplifies
biasing and eliminates coupling capacitors
(Fig. 2.17).

Warning: You must always provide a dc

path for base bias current, even if it goes
only to ground. In the preceding circuit it
is assumed that the signal source has a dc
path to ground. If not (e.g., if the signal

is capacitively coupled), you must provide

a resistor to ground (Fig. 2.18). RB could
be about one-tenth of hFERE, as before.
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, Hf“.

(Ilsa near
ground) 
_VEE

Figure 2.17. A dc-coupled emitter follower with
split supply.

EXERCISE 2.5

Design an emitter follower with :l:15 volt sup-
plies to operate over the audio range (20Hz—
20kHz). Use 5mA quiescentcurrent and capac-
itive input coupling.

 
Figure 2.18

Bad biasing

Unfortunately, you sometimes see circuits

like the disaster shown in Figure 2.19. R3
was chosen by assuming a particular value

for by}; (100), estimating the base cur—
rent, and then hoping for a 7 volt drop
across RB. This is a bad design; hp}; is
not a good parameter and will vary con-

siderably. By using voltage biasing with

a stiff voltage divider, as in the detailed

example presented earlier, the quiescent
point is insensitive to variations in tran-

sistor beta. For instance, in the previous

design example the emitter voltage will in-
crease by only 0.35 volt (5%) for a transis—
tor with hFE = 200 instead of the nominal
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hp}; = 100. As with this emitter follower

example, it is just as easy to fall into this

trap and design bad transistor circuits in
the other transistor configurations (e.g., the
common-emitter amplifier, which we will
treat later in this chapter).

+1§V

  
Figure 2.19. Don't do this!

2.06 Transistor current source

Current sources, although often neglected,
are as important and as useful as voltage

sources. They often provide an excellent
way to bias transistors, and they are un-

equaled as "active loads" for super-gain
amplifier stages and as emitter sources for
differential amplifiers. Integrators, saw—

tooth generators, and ramp generators
need current sources. They provide wide-
voltage-range pull-ups within amplifier and
regulator circuits. And, finally, there are
applications in the outside world that
require constant current sources, e.g.,

electrophoresis or electrochemistry.

Resistor plus voltage source

The simplest approximation to a current
source is shown in Figure 2.20. As long
as Rload << R (in other words, Vload <<

V), the current is nearly constant and is
approximately

I=V/R
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The load doesn't have to bc resistive. A

capacitor will charge at a constant rate, as

long as Vmpmnm < V; this is just the first
part of the exponential charging curve of
an RC.

R vicar!

all D—WVL-—-o—— o—é, Rlnacl

l

Figure 2.20

There are several drawbacks to a simple
resistor current source. in order to make

a good approximation to a current source,
you must use large voltages, with lots of

power dissipation in the resistor. In ad-
dition, the current isn't easily programma—

ble, i.e., controllable over a large range via
a voltage somewhere else in the circuit.

EXEFlClSE 2.6

If you want a current sourceconstant to 1%over
a load voltage range of 0 to +10 volts, how large
a voltage source must you use in series with a
single resistor?

EXERCISE 2.7

Suppose you want a 10mA current in the pre-
ceding problem. How much power is dissipated
in the series resistor? How much gets to the
load?

Transistor current source

Fortunately, it is possible to make a very

good current source with a transistor (Fig.
2.21). It works like this : Applying V3 to
the base, with VB > 0.6 volt, ensures that

the emitter is always conducting:

VE = VB — 0.6 volt

So

15 = Vg/RE = (VB — 0.6 VOID/RE

But, since IE a IC for large 11,73,

10 3 (VB — 0.6 row/RE



independent of Va, as long as the transis-
tor is not saturated (V0 > VE+ 0.2 volt).

+9“

load

Figure 2.21. Transistor current source: basic
concept.

Current-source biasing

The base voltage can be provided in a
number of ways. A voltage divider is
OK, as long as it is stiff enough. As
before, the criterion is that its impedance

should be much less than the dc impedance

looking into the base (hFERE)- Or you
can use a zener diode, biased from VCC,
or even a few forward-biased diodes in

series from base to the corresponding
emitter supply. Figure 2.22 shows some

*‘IOV

 
load
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examples. In the last example (Fig. 2.22C),

a pnp transistor sources current to a load

returned to ground. The other examples

(using npn transistors) should properly be

called current sinks, but the usual practice
is to call all of them current sources.

["Sink" and "source" simply refer to the
direction of current flow: If a circuit

supplies (positive) current to a point, it is a
source, and vice versa] In the first circuit,

the voltage—divider impedance of ~1.3k is

very stiff compared with the impedance
looking into the base of about 100k (for

hp}; = 100), so any changes in beta with
collector voltage will not much affect the

output current by causing the base voltage
to change. In the other two circuits the

biasing resistors are chosen to provide

several milliamps to bring the diodes into
conduction.

Compliance

A current source can provide constant
current to the load only over some finite

range of load voltage. To do otherwise
would be equivalent to providing infinite
power. The output voltage range over
which a current source behaves well is

called its output compliance. For the
preceding transistor current sources, the
compliance is set by the requirement that

+1EV HOV

 
Figure 2.22.. Transistor—current—source circuits, illustrating three methods of base biasing; npn
transistors SI nk current, whereas pnp transistors source current. The circuit in C illustrates a load
returned to ground.
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the transistors stay in the active region.
Thus in the first circuit the voltage at the
collector can go down until the transistor

is almost in saturation, perhaps +1.2 volts
at the collector. The second circuit, with

its higher emitter voltage, can sink current
down to a collector voltage of about +5.2
volts.

In all cases the collector voltage can
range from a value near saturation all the

way up to the supply voltage. For exam-
ple. the last circuit can source current to
the load for any voltage between zero and
about +8.6 volts across the load. In fact,

the load might even contain batteries or
power supplies of its own, carrying the col—
lector beyond the supply voltage. That's
OK, but you must watch out for transistor
breakdown (VCE must not exceed BVCEO,

the specified collector-emitter breakdown

voltage) and also for excessive power dis-
sipation (set by Ichg). As you will see
in Section 6.07, there is an additional safe-

operating—area constraint on power transis—
tors.

EXERCISE 2.8

You have +5 and +15 volt regulated supplies
available in a circuit. Design a 5mA npn current
source (sink) using the +5 volts on the base.
What is the output compliance?

A current source doesn't have to have

a fixed voltage at the base. By varying
VB you get a voltage-programmable cur-
rent source. The input signal swing Um

(remember, lower-case symbols mean vari-
ations) must stay small enough so that the

emitter voltage never drops to zero, if the
output current is to reflect input voltage
variations smoothly. The result will be a
current source with variations in output

current proportional to the variations in

input voltage, iout = ”tn/RE-

III Deficiencies of current sources

To what extent does this kind of cur-

rent source depart from the ideal? In

0027

other words, does the load current vary
with voltage, i.e., have a finite (RT), < oo)

Thévenin equivalent resistance, and if so
why? There are two kinds of effects:

1. Both VBE (Early effect) and hFE vary
slightly with collector-to-emitter voltage at
a given collector current. The changes in

VBE produced by voltage swings across the
load cause the output current to change,
because the emitter voltage (and therefore
the emitter current) changes. even with a
fixed applied base voltage. Changes in
hFE produce small changes in output (col-
lector) current for fixed emitter current.
since [C = [E — [3; in addition, there

are small changes in applied base voltage
produced by the variable loading of the

nonzero bias source impedance as (in;

(and therefore the base current) changes.
These effects are small. For instance, the

current from the circuit in Figure 2.22A
varied about 0.5% in actual measurements

with a 2N3565 transistor. In particular, for

load voltages varying from zero to 8 volts,
the Early effect contributed 0.5%, and tran-
sistor heating effects contributed 0.2%. In
addition, variations in hp); contributed

0.05% (note the stiff divider). Thus these

variations result in a less-than-perfect cur-
rent source: The output current depends
slightly on voltage and therefore has
less than infinite impedance. Later you

will see methods that get around this
difficulty.

2. V35 and also hm; depend on temper-
ature. This causes drifts in output current
with changes in ambient temperature; in
addition, the transistor junction tempera-
ture varies as the load voltage is changed
(because of variation in transistor dissipa-
tion). resulting in departure from ideal cur-

rent sourcc behavior. The change of V33
with ambient temperature can be compen-
sated with a circuit like that shown in

Figure 2.23, in which Qz’s base—emitter
drop is compensated by the drop in emit-
ter follower Q1, with similar tempera-
ture dependence. R3, incidentally, is a
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Figure 2.23.
compensating a current source.

One method of temperature-

pull—up resistor for Q1, since Qg’s base
sinks current, which Q1 cannot source.

[I Improving current-source performance

In general, the effects of variability in VBE,

whether caused by temperature depen-
dence (approximately —2mV/° C) or by de-

pendence on VCE (the Early effect, given

roughly by AVBE m —0.0001AVCE),
can be minimized by choosing the emitter

voltage to be large enough (at least 1V,
say) so that changes in VBE of tens of
111illivolts will not result in large fractional
changes in the voltage across the emitter

resistor (remember that the base voltage

is what is held constant by your circuit).
For instance, choosing V3 2 0.1 volt (i.e.,
applying about 0.7V to the base) would

cause 10% variations in output current
for 10mV changes in VBE, whereas the
choice VE = 1.0 volt would result in
1% current variations for the same VBE

changes. Don't get carried away, though.
Remember that the lower limit of output

compliance is set by the emitter voltage.

Using a 5 volt emitter voltage for a current
source running from a +10 volt supply

limits the output compliance to slightly

less than 5 volts (the collector can go from
about VE+ 0.2V to V00, i.e., from 5.2V
to 10V).

 
Figure 2.24. Cascode current source for im-
proved current stability with load voltage vari-
ations.

Figure 2.24 shows a circuit modifica-
tion that improves current-source perfor-

mance significantly. Current source Q1
functions as before, but with collector volt-

age held fixed by Qg’s emitter. The load
sees the same current as before, since Qg’s

collector and emitter currents are nearly

equal (large [21:13). But with this circuit

the VCE of Q1 doesn't change with load
voltage, thus eliminating the small changes

in VBE from Early effect and dissipation-
induced temperature changes. Measure-
ments with 2N3565$ gave 0.1% current
variation for load voltages from O to 8

volts; to obtain performance of this accu-
racy it is important to use stable 1% resis-
tors, as shown. (Incidentally, this circuit
connection also finds use in high-frequency
amplifiers, where it is known as the “eas-

eode.") Later you will see current source
techniques using op-amps and feedback

that circumvent the problem of VBE vari-
ation altogether.

The effects of variability of hp}; can
be minimized by choosing transistors with

large hpg, so that the base current contri-
bution to the emitter current is relatively
small.

Figure 2.25 shows one last current
source, whose output current doesn't
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depend on supply voltage. In this circuit,

Ql’s VBE across R2 sets the output cur—
rent, independent of V00:

Ibut :: ‘(BJE/IQE

R1 biases Q2 and holds Ql’s collector at

two diode drops below Vcc. eliminating
Early effect as in the previous circuit. This

circuit is not temperature-compensated;

the voltage across R2 decreases approxi-

mately 2.1mV/GC, causing the output cur-
rent to decrease approximately O.3%/°C.

 
Figure 2.25. Transistor VBE-referenced currentsource.

2.07 Common-emitter amplifier

Consider a current source with a resistor

as load (Fig. 2.26). The collector voltage is

W: : V00, = {ERG

We could capacitively couple a signal to
the base to cause the collector voltage to
vary. Consider the example in Figure

2.27. C is chosen so that all frequencies of
interest are passed by the high-pass filter
it forms in combination with the parallel

resistance of the base biasing resistors (the

0029

 
Figure 2.26

impedance looking into the base itself will
usually be much larger because of the way
the base resistors are chosen, and it can be

ignored); that is.

1
> __

c - wanna.)

The quiescent collector current is 1.0mA

because of the applied base bias and the
1.0k emitter resistor. That current puts
the collector at +10 volts (+20V, minus

1.0mA through 10k). Now imagine an

applied wiggle in base voltage 03. The
emitter follows with 2)}; = 03, which

causes a wiggle in emitter current

is = ”BE/RE = "dB/RE

and nearly the same change in collector

current (hfe is large). So the initial wiggle
in base voltage finally causes a collector
voltage wiggle

W: = -icRG = —UB(RC/R.E)

Aha! It's a voltage amplifier, with a voltage
amplification (or "gain") given by

gain = ”1315119111 = ‘RC {RE

In this case the gain is —10,000/1000,
or —10. The minus sign means that a

positive wiggle at the input gets turned into

a negative wiggle (10 times as large) at the
output. This is called a common-emitter

amplifier with emitter degeneration.
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+20V

 
Figure 2.27. An ac common-emitter amplifier
with emitter degeneration. Note that the output
terminal is the collector, rather than the emitter.

Input and output impedance of the

common-emitter amplifier

We can easily determine the input and
output impedances of the amplifier. The
input signal sees, in parallel, 110k, 10k,

and the impedance looking into the base.

The latter is about 100k (hfe times RE),
so the input impedance (dominated by the
10k) is about 8k. The input coupling
capacitor thus forms a high-pass filter, with
the 3dB point at ZOOHZ. The signal driving
the amplifier sees 0.1pF in series with

8k, which to signals of normal frequencies

(well above the 3dB point) just looks like
8k.

The output impedance is 10k in paral—
lel with the impedance looking into the
collector. What is that? Well. remem-

ber that if you snip off the collector resis-
tor, you're simply looking into a current

source. The collector impedance is very
large (measured in megohms), and so the

output impedance is just the value of the
collector resistor, 10k. It is worth remem-

bering that the impedance looking into a
transistor's collector is high, whereas the

impedance looking into the emitter is low

(as in the emitter follower). Although the

output impedance of a common—emitter
amplifier will be dominated by the collec-
tor load resistor, the output impedance of

 

an emitter follower will not be dominated

by the emitter load resistor, but rather by
the impedance looking into the emitter.

2.08 Unity-gain phase splitter

Sometimes it is useful to generate a signal

and its inverse, i.e., two signals 180° out
of phase. That's easy to do - just use
an emitter-degenerated amplifier with a
gain of —1 (Fig. 2.28). The quiescent

collector voltage is set to 0.75Vco, rather
than the usual 0.51/00, in order to achieve

the same result — maximum symmetrical
output swing without clipping at either
output. The collector can swing from
051/00 to V00, whereas the emitter can

swing from ground to 0.5Vcc.

+20v

 
Figure 2.28. Unity-gain phase splitter.

Note that the phase-splitter outputs
must be loaded with equal (or very high)
impedances at the two outputs in order to
maintain gain symmetry.

Phase shifter

A nice use of the phase splitter is shown

in Figure 2.29. This circuit gives (for
a sine wave input) an output sine wave

of adjustable phase (from zero to 180°),
but with constant amplitude. It can be

best understood with a phasor diagram
of voltages (see Chapter 1); representing

the input signal by a unit vector along
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the real axis, the signals look as shown in
Figure 2.30.

 
Figure 2.29. Constant—amplitude phase shifter.

Signal vectors VR and vc must be at
right angles, and they must add to form
a vector of constant length along the real
axis. There is a theorem from geometry
that says that the locus of such points
is a circle. So the resultant vector (the

output voltage) always has unit length,

i.e., the same amplitude as the input, and
its phase can vary from nearly zero to

nearly 180° relative to the input wave as

R is varied from nearly zero to a value
much larger than ZC at the operating

frequency. However. note that the phase
shift also depends on the frequency of
the input signal for a given setting of the

potentiometer R. lt is worth noting that a

simple RC high-pass (or low-pass) network
could also be used as an adjustable phase
shifter. However, its output amplitude
would vary over an enormous range as the

phase shift was adjusted.

An additional concern here is the ability
of the phase-splitter circuit to drive the

RC phase shifter as a load. Ideally. the
load should present an impedance that

is large compared with the collector and
emitter resistors. As a result, this circuit

is of limited utility where a wide range

of phase shifts is required. You will see

improved phase-splitter techniques in

Chapter 4.
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Figure 2.30. Phasor diagram for phase shifter.

2.09 Transconductance

In the preceding section we figured out the

operation of the emitter-degenerated am-
plifier by (a) imagining an applied base

voltage swing and seeing that the emitter

voltage had the same swing, then (b) calcu-
lating the emitter current swing; then, ig-

noring the small base current contribution,
we got the collector current swing and thus
(0) the collector voltage swing. The voltage

gain was then simply the ratio of collector

(output) voltage swing to base (input) volt-
age swing.

+2E|V

signal out

signalin 
Figure 2.31. The common-emitter amplifier is
a transconductance stage driving a (resistive)
load.

There's another way to think about

this kind of amplifier. Imagine breaking it

apart, as in Figure 2.31. The first part is a
voltage-controlled current source, with

quiescent current of 1.0mA and gain
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of —lmA/V. Gain means the ratio out-

put/input; in this case the gain has units
of current/voltage, or l/resistanee. The in-
verse of resistance is called conductance

(the inverse of reactance is susceptance,
and the inverse of impedance is admit-
tance) and has a special unit, the siemens,
which used to be called the mho (ohm

spelled backward). An amplifier whose
gain has units of conductance is called
a transconductance amplifier; the ratio

Irma/Vin is called the transconductance,
9m-

Think of the first part of the circuit as a

transconductance amplifier, i.e., a voltage-
to-current amplifier with transconductance

9m (gain) of lmA/V (IOOOpS, 0r lmS,
which isjust NR3). The second part of the

circuit is the load resistor, an "amplifier"
that converts current to voltage. This
resistor could be called a transresistance

amplifier, and its gain (rm) has units of
voltage/current, or resistance. In this case

its quiescent voltage is Vcc, and its gain
(transresistance) is lOkV/A (lOkQ), which

is just RC. Connecting the two parts
together gives you a voltage amplifier. You
get the overall gain by multiplying the two

gains. In this case G = ngC = Rev/RE.
or —10, a unitless number equal to the
ratio (output voltage)/(input voltage).

This is a useful way to think about an
amplifier, because you can analyze perfor-

mance of the sections independently. For
example, you can analyze the transconduc-
tance part of the amplifier by evaluating
gm for different circuit configurations or
even different devices, such as field—effect

transistors (FETS). Then you can analyze
the transresistance (or load) part by consid-

ering gain versus voltage swing trade-offs.
If you are interested in the overall voltage

gain, it is given by GV = gmrm, where
Tm is the transresistance 0f the load. Ulti-

mately the substitution of an active load

(current source), with its extremely high

transresistance, can yield one-stage volt-

age gains of 10,000 or more. The cascade

configuration, which we will discuss later,

is another example easily understood with
this approach.

In Chapter 4, which deals with opera-
tional amplifiers, you will see further ex-
amples of amplifiers with voltages or cur-
rents as inputs or outputs; voltage ampli—
fiers (voltage to voltage), current amplifiers
(current to current), and transresistance

amplifiers (current to voltage).

Turning up the gain: limitations of the

simple model

The voltage gain of the emitter-degener—

ated amplifier is —Rc/RE. according to
our model. What happens as RE is re-
duced toward zero? The equation pre-

dicts that the gain will rise without limit.
But if we made actual measurements of

the preceding circuit, keeping the quies-
cent current constant at lmA, we would

find that the gain would level off at about
400 when RE is zero, i.e., with the emit—

ter grounded. We would also find that the
amplifier would become significantly non—

linear (the output would not be a faithful
replica of the input). the input impedance
would become small and nonlinear, and

the biasing would become critical and un-

stable with temperature. Clearly our tran-

sistor model is incomplete and needs to be
modified in order to handle this circuit sit-

uation, as well as others we will talk about

shortly. Our fixed—up model. which we will
call the transconductance model, will be

accurate enough for the remainder of the
book.

EBERS-MOLL MODEL APPLIED T0

BASIC TRANSISTOR CIRCUITS

2.10 Improved transistor model:
transconductance amplifier

The important change is in property 4
(Section 2.01), where we said earlier that

IC = hFEIB. We thought of the transistor

0032



80
TRANSISTORS

Chapter 2

as a current amplifier whose input circuit
behaved like a diode. That‘s roughly cor-
rect, and for some applications it's good

enough. But to understand differential am-
plifiers, logarithmic converters, tempera-
ture compensation, and other important
applications, you must think of the transis—
tor as a transconductance device — collector

current is determined by base-to-emiller
voltage.

Here‘s the modified property 4:
4. When rules 1—3 (Section 2.01) are

obeyed, [C is related to VBE by

[Mela-rel
where VT = kT/q = 25.3mV at room
temperature (68°F, 20°C), q is the elec-

tron charge (1.60 X 10‘19 coulombs), k is
Boltzmann‘s constant (1.38 x [0-2:J
joules/°K), T is the absolute temperature

in degrees Kelvin (°K =°C + 273.16), and

IS is the saturation current of the partic-
ular transistor (depends on T). Then the
base current, which also depends on VBE,

can be approximated by

13 = Ic/hFE

where the "constant" fur}; is typically in
the range 20 to 1000, but depends on

transistor type, [0, VCE, and temperature.
IS represents the reverse leakage current.
In the active region Io >> IS, and

therefore the —1 term can be neglected in
comparison with the exponential.

The equation for IC is known as the

Ebers—Moll equation. It also approximate—
ly describes the current versus voltage for
a diode, if VT is multiplied by a correc-
tion factor In between 1 and 2. For tran-

sistors it is important to realize that the
collector current is accurately determined

by the base-emitter voltage, rather than

by the base current (the base current is

then roughly determined by hog), and that
this exponential law is accurate over an

enormous range of currents, typically from

nanoamps to milliamps. Figure 2.32
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makes the point graphically. If you mea-
sure the base current at various collector

currents, you will get a graph of hp}; ver-

sus Io like that in Figure 2.33.
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Figure 2.32. Transistor base and collector
currents as functions of base-to-emitter voltage
VBE.
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Figure 2.33. T picad transistor current gain
(hrE) versus co lector current.

Although the Ebers-Moll equation tells
us that the base-emitter voltage "pro-
grams" the collector current, this property
may not be directly usable in practice (bi—
asing a transistor by applying a base volt—

age) because of the large temperature co—
efficient of base-emitter voltage. You will
see later how the Ebers-Moll equation pro-
vides insight and solutions to this problem.

Rules of thumb for transistor design

From the Ebers-Moll equation we can get
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several important quantities we will be
using often in circuit design:

I. The steepness of the diode curve. How
much do we need to increase VBE to in-

crease IC by a factor of 10‘? From the

Ebers-Moll equation, that's just VT log, 10,
or 60mV at room temperature. Base volt-
age increases 60an per decade of collector

current. Equivalently, Io : ICDcAV/zs,
where AV is in millivolts.

2. The small-signal impedance looking
into the emitter, for the base held at a fixed

voltage. Taking the derivative of V3E with

respect to 10, you get

Te = YT/IC = 25/IC ohms

where IC is in milliamps. The numerical

value 25/10 is for room temperature. This
intrinsic emitter resistance, re, acts as if it
is in series with the emitter in all transistor

circuits. It limits the gain of a grounded
emitter amplifier, causes an emitter fol-

lower to have a voltage gain of slightly less
than unity, and prevents the output imped-
ance of an emitter follower from reaching
zero. Note that the transconductance of a

grounded emitter amplifier is gm = 1 fire.
3. The temperature dependence of VBE.
A glance at the Ebers-Moll equation sug-

gests that VBE has a positive temperature
coefficient. However, because of the tem-

perature dependence of I5, V35 decreases

about 2.1 mV/°C. It is roughly proportional

to l/Tabg, where Tabs is the absolute tem-
perature.

There is one additional quantity we

will need on occasion, although it is not

derivable from the Ebers-Moll equation. It
is the Early effect we described in Section
2.06, and it sets important limits on
current-source and amplifier performance.
for example:

4. Early effect. VBE varies slightly with

changing VCE at constant Io. This effect
is caused by changing effective base width,
and it is given, approximately, by

di‘figg =2 -Clé§l&js

2.1 1 The emitter follower revisited
 

where a a 0.0001.

These are the essential quantities we
need. With them we will be able to handle

most problems of transistor circuit design,
and we will have little need to refer to the

Ebers-Moll equation itself.

2.11 The emitter follower revisited

Before looking again at the common-emit-

ter amplifier with the benefit of our new
transistor model, let‘s take a quick look
at the humble emitter follower. The

Ebers—Moll model predicts that an emit—
ter follower should have nonzero out-

put impedance, even when driven by a
voltage source, because of finite Te
(item 2, above). The same effect also

produces a voltage gain slightly less

than unity, because re forms a voltage di-
vider with the load resistor.

These effects are easy to calculate. With

fixed base voltage, the impedance look-
ing back into the emitter is just Rum

dngg/dfg; but IE 2 IC, so Rom

7‘6, the intrinsic emitter resistance [re
25/I0(mA)]. For example, in Figure
2.34A, the load sees a driving impedance
of re = 25 ohms, since Io = lmA. (This

is paralleled by the emitter resistor R5,

if used; but in practice RE will always

be much larger than re.) Figure 2.348
shows a more typical situation, with finite
source resistance R5 (for simplicity we‘ve
omitted the obligatory biasing components

- base divider and blocking capacitor —
which are shown in Fig. 2.34C). In this
case the emitter follower‘s output imped-

ance is just re in series with Rs/(hfe—i' 1)
(again paralleled by an unimportant RE,

if present). For example, if R, = 1k and

IC = 1mA, Rout = 35 ohms (assuming

hfe = 100). It is easy to show that the in-
trinsic emitter 7'8 also figures into an emit-

ter follower's input impedance, just as if
it were in series with the load (actually, par-
allel combination of load resistor and

IIHII
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:7. tanacitor

hum;
divider

load

L

Figure 2.34

emitter resistor). In other words, for the
emitter follower circuit the effect of the

Ebers—Moll model is simply to add a series
emitter resistance re to our earlier results.

The voltage gain of an emitter follower
is slightly less than unity, owing to the

voltage divider produced by 7'5 and the
load. It is simple to calculate, because
the output is at the junction of re and

Emma: Gv = iJam/“in = Ric/(7’s + BL)-
Thus, for example, a follower running

at lmA quiescent current, with lk load,
has a voltage gain of 0.976. Engineers
sometimes like to write the gain in terms

of the transconductance, to put it in a form
that holds for FETs also (see Section 3.07);

in that case (using g = 1/7'5) you get

0035

 load

Signalsource —

2.12 The common-emitter amplifier
revisited

Previously we got wrong answers for the
voltage gain of the common-emitter am-
plifier with emitter resistor (sometimes
called emitter degeneration) when we set
the emitter resistor equal to zero.
The problem is that the transistor has

25/IC(mA) ohms of built-in (intrinsic)
emitter resistance ’I'e that must be added
to the actual external emitter resistor. This

resistance is significant only when small
emitter resistors (or none at all) are used.

So, for instance, the amplifier we consid—

ered previously will have a voltage gain of

—lOk/7'e, or —400, when the exter-
nal emitter resistor is zero. The input
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impedance is not zero. as we would have

predicted earlier (hfeRE); it is approxi-
mately hiere, or in this case (lmA quies-
cent current) about 2.5K.

The terms "grounded emitter" and
"common emitter" are sometimes used in-

terchangeably, and they can be confusing.
Wc will usc thc phrasc "groundcd cmittcr
amplifier" to mean a common—emitter am—

plifier with RE = 0. A common-emitter
amplifier stage may have an emitter resis-
tor; what matters is that the emitter circuit

is common to the input circuit and the out-
put circuit.

Shortcomings of the single-stage

grounded emitter amplifier

The extra voltage gain you get by using
RE = 0 comes at the expense of other
properties of the amplifier. In fact. the

grounded emitter amplifier. in spite of its
popularity in textbooks, should be avoided
except in circuits with overall negative

feedback. In order to see why, consider
Figure 2.35.

tzav

.10I:

§gnalout

sbnflin
idccouphdl

Figure 2.35. Common-emitter amplifier with-
out emitter degeneration.

]. Nonlinearity. The gain is G =

—ng0 = dram = —RcIc(mA)/25,
so for a quiescent current of lmA, the

gain is —400. But Io varies as the
output signal varies. For this example,

the gain will vary from —800 (You; = 0,

Io = 2mA) down to zero (Vow = Vcc,
IC = 0). For a trianglc-wavc input, thc

2.12 The common-emitter amplifier revisited

output will look like that in Figure 2.36.
The amplifier has high distortion, or poor
linearity. The grounded emitter amplifier

without feedback is useful only for small
signal swings about the quiescent point. By

contrast, the emitter-degenerated amplifier
has gain almost entirely independent of

collector current, as long as RE >> re, and
can be used for undistorted amplification
even with large signal swings.

 
Figure 2.36. Nonlinear output waveform from
grounded emitter amplifier.

2. Input impedance. The input impedance

is roughly Zin = hfere = 25 hfe/IC(mA)
ohms. Once again, Ia varies over the sig-
nal swing, giving a varying input impcd-

ancc. Unlcss thc signal sourcc driving thc
base has low impedance. you will wind
up with nonlinearity due to the nonlinear

variable voltage divider formed from the
signal source and the amplifier's input im-

pedance. By contrast, the input impedance
of an emitter-degenerated amplifier is con-
stant and high.

3. Biasing. The grounded emitter ampli—
fier is difficult to bias. It might be tempt—
ing just to apply a voltage (from a volt—

age divider) that gives the right quiescent

current according to the Ebers-Moll equa-
tion. That won't work, because of the tem-

perature dependence of V3E (at fixed Ic),

which varies about 2.1mV/°C (it actually
decreases with increasing T because of the
variation of Is with T; as a result, V53

is roughly proportional to UT, the abso-
lute temperature). This means that the
collcctor currcnt (for fixcd VBE) will in-

crcasc by a factor of 10 for a 30°C risc

0036

83



84
TRANSISTORS

Chapter 2  

in temperature. Such unstable biasing is

useless, because even rather small changes
in temperature will cause the amplifier to

saturate. For example, a grounded emitter
stage biased with the collector at half the
supply voltage will go into saturation if the

temperature rises by 8°C.

EXERCISE 2.9

Verify that an 8°C rise in ambient temperature
will cause a base-voltage-biased grounded emit-
ter stage to saturate, assuming that it was ini—
tially biased for V0 = 0.5VCC.

Some solutions to the biasing problem

will be discussed in the following sections.
By contrast, the emitter-degenerated a111-
plifier achieves stable biasing by applying a

voltage to the base, most of which appears
across the emitter resistor, thus determin-

ing the quiescent current.

Emitter resistor as feedback

Adding an external series resistor to the
intrinsic emitter resistance re (emitter de-

generation) improves many properties of
the common-emitter amplifier, at the ex-

pense of gain. You will see the same thing

happening in Chapters 4 and 5 , when

we discuss negativefeedback, an important
technique for improving amplifier charac-

teristics by feeding back some of the output
signal to reduce the effective input signal.
The similarity here is no coincidence; the
emitter-degenerated amplifier itself uses a
form of negative feedback. Think of the
transistor as a transconductance device,

determining collector current (and there-

fore output voltage) according to the volt—
age applied between the base and emitter;
but the input to the amplifier is the voltage

from base to ground. So the voltage from
base to emitter is the input voltage, mi-

nus a sample oft/1e output (I385). That's

negative feedback, and that's why emitter
degeneration improves most properties of
the amplifier (improved linearity and sta-
bility and increased input impedance; also

0037

the output impedance would be reduced if
the feedback were taken directly from the
collector). Great things to look forward to
in Chapters 4 and 5!

2.13 Biasing the common-emitter
amplifier

If you must have the highest possible gain
(or if the amplifier stage is inside a feed-

back loop), it is possible to arrange suc-
cessful biasing of a common—emitter am—
plifier. There are three solutions that can

be applied, separately or in combination:
bypassed emitter resistor, matched biasing
transistor, and dc feedback.

  

 
Figure 2.37. A bypassed emitter resistor can be
used to improve the bias stability of a grounded
emitter amplifier.

Bypassed emitter resistor

Use a bypassed emitter resistor, biasing as
for the degenerated amplifier, as shown in

Figure 2.37. In this case RE has been
chosen about 0.1%, for ease of biasing;
if RE is too small, the emitter voltage
will be much smaller than the base-emitter

drop, leading to temperature instability of

the quiescent point as VBE varies with
temperature. The emitter bypass capacitor
is chosen by making its impedance small
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compared with re (not R3) at the lowest
frequency of interest. ln this case its

impedance is 25 ohms at 650Hz. At signal
frequencies the input coupling capacitor

sees an impedance of 10k in parallel with

the base impedance, in this case hfe times
25 ohms, or roughly 2.5k. At dc, the
impedance looking into the base is much

larger (hfE times the emitter resistor, or
about 100k), which is why stable biasing
is possible.

+20V

 
Figure 2.38

A variation on this circuit consists of us-

ing two emitter resistors in series, one of

them bypassed. For instance, suppose you
want an amplifier with a voltage gain of

50, quiescent current of lmA, and Vcc of
+20 volts, for signals from ZOHZ to 20kHz.
If you try to use the emitter-degenerated
circuit, you will have the circuit shown in

Figure 2.38. The collector resistor is cho—
sen to put the quiescent collector voltage at
0.5Vcc. Then the emitter resistor is cho—

sen for the required gain, including the ef-

fects of the re of 25/IC(mA). The problem
is that the emitter voltage of only 0.175

volt will vary significantly as the ~0.6 volt
of base-emitter drop varies with temper-

ature (—2.1mV/°C, approximately), since

the base is held at constant voltage by R1
and R2; for instance, you can verify that
an increase of 20°C will cause the collector

current to increase by nearly 25%.

The solution here is to add some by-
passed emitter resistance for stable biasing,
with no change in gain at signal frequen-

cies (Fig. 2.39). As before. the collector
resistor is chosen to put the collector at

10 volts (0.5Vcc). Then the unbypassed
emitter resistor is chosen to give a gain
of 50, including the intrinsic emitter resis-

tance r, = 25/IC(mA). Enough bypassed
emitter resistance is added to make stable

biasing possible (one-tenth of the collector
resistance is a good rule). The base voltage
is chosen to give lmA of emitter current,

with impedance about one—tenth the dc im—
pedance looking into the base (in this case

about 100k). The emitter bypass capacitor
is chosen to have low impedance compared

with 180+25 ohms at the lowest signal fre-
quencies. Finally, the input coupling ca-

pacitor is chosen to have low impedance
compared with the signal-frequency input
impedance of the amplifier, which is equal

to the voltage divider impedance in paral-

lel with (180 + 25)hfe ohms (the 8209 is
bypassed, and looks like a short at signal
frequencies).

* 20V

 
Figure 2.39. A common-emitter amplifier
combining bias stability, linearity, and large
voltage gain.

An alternative circuit splits the signal

and dc paths (Fig. 2.40). This lets you vary

the gain (by changing the 1809 resistor)
without bias change.
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18062

+

I BfipF

Figure 2.40. Equivalent emitter circuit for
Figure 2.39.

1 .0k

D Matched biasing transistor

Use a matched transistor to generate the
correct base voltage for the required col-
lector current; this ensures automatic tem-

perature compensation (Fig. 2.41). Ql’s
collector is drawing lmA, since it is guar-
anteed to be near ground (about one VBE
drop above ground, to be exact); if Q1

and Q2 are a matched pair (available as
a single device, with the two transistors
on one piece of silicon), then Q; will also

be biased to draw lmA, putting its collec—

tor at +10 volts and allowing a full i10
volt symmetrical swing on its collector.
Changes in temperature are of no impor-
tance, as long as both transistors are at the
same temperature. This is a good reason

for using a "monolithic" dual transistor.

Feedback at dc

Use dc feedback to stabilize the quiescent

point. Figure 2.42 shows one method. By
taking the bias voltage from the collector,

rather than from VCC, you get some
measure of bias stability. The base sits one

diode drop above ground; since its bias
comes from a 10:1 divider, the collector is

at 11 diode drops above ground, or about

7 volts. Any tendency for the transistor

0039

 

 

 
Figure 2.41. Biasing scheme with compensated
V88 drop.

 

 
~ 11 V55 Ior'7V)

Figure 2.42. Bias
feedback.

stability is improved by
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to saturate (e.g., if it happens to have

unusually high beta) is stabilized, since

the dropping collector voltage will reduce
the base bias. This scheme is acceptable
if great stability is not required. The
quiescent point is liable to drift a volt or so
as the ambient (surrounding) temperature

changes, since the base-emitter voltage
has a significant temperature coefficient.

Better stability is possible if several stages

of amplification are included within the
feedback loop. You will see examples later
in connection with feedback.

A better understanding of feedback is

really necessary to understand this circuit.
For instance, feedback acts to reduce the

input and output impedances. The input

signal sees Rl’s resistance effectively re-
duced by the voltage gain of the stage. In
this case it is equivalent to a resistor of
about 300 ohms to ground. In Chapter

4 we will treat feedback in enough

detail so that you will be able to figure
the voltage gain and terminal impedance
of this circuit.

Note that the base bias resistor values
could be increased in order to raise the

input impedance, but you should then
take into account the non-negligible base

current. Suitable values might be R1 =
220k and R2 = 33k. A11 alternative

approach might be to bypass the feedback
resistance in order to eliminate feedback

(and therefore lowered input impedance)
at signal frequencies (Fig. 2.43).

Comments on biasing and gain

One important point about grounded emit—
ter amplifier stages: You might think that

the voltage gain can be raised by increas—

ing the quiescent current, since the intrin—

sic emitter resistance Tn drops with rising
current. Although Te does go down with
increasing collector current, the smaller

collector resistor you need to obtain the

same quiescent collector voltage just can-

cels the advantage. In fact, you can show

0040
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Figure 2.43. Eliminating feedback at signal
frequencies.

that the small—signal voltage gain of a

grounded emitter amplifier biased to

0.5VCC is given by G = 20Vm3, indepen—
dent of quiescent current.

EXERCISE 2.10

Show that the preceding statement is true.

If you need more voltage gain in one
stage, one approach is to use a current

source as an active load. Since its imped-
ance is very high, single-stage voltage gains

of 1000 or more are possible. Such an ar-
rangement cannot be used with the bias-
ing schemes we have discussed, but must
be part of an overall dc feedback loop, a
subject we will discuss in the next chap-
ter. You should be sure such an amplifier

looks into a high-impedance load; other-
wise the gain obtained by high collector
load impedance will be lost. Something
like an emitter follower, a field-effect tran-

sistor (FET), or an op—amp presents a good
load.

In radiofrequency amplifiers intended

for use only over a narrow frequency
range, it is common to use a parallel LC
circuit as a collector load; in that case

very high voltage gain is possible, since
the LC circuit has high impedance (like

a current source) at the signal frequency,
with low impedance at dc. Since the LC
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is "tuned," out-of-band interfering signals
(and distortion) are effectively rejected.

Additional bonuses are the possibility of
peak-to-peak output swings of 2VCC and
the use of transformer coupling from the
inductor.

EXERCISE 2.1T

Design a tuned connnon—emitteramplifler stage
to operate at 100kHz. Use a bypassed emitter
resistor, and set the quiescentcurrent at 1 .OmA.
Assume VCC = +l 5 volts and L = 1.0mH, and
put a 6.2K resistor across the DC to set Q = 10
(to get a 10% bandpass; see Section 1.22). Use
capacitive input coupling.

  

 
mirror
sources

.I"= I;

load

luser programs
a current I;

Figure 2.44. Classic bipolar-transistor
matched—pair current mirror. Note the com—
mon convention of referring to the positive sup-
ply as Vcc, even when pnp transistors are used.

2.14 Current mirrors

The technique of matched base-emitter bi-

asing can be used to make what is called a

current mirror (Fig. 2.44). You "program"
the mirror by sinking a current from Ql’s
collector. That causes a VHS for Q1 ap—
propriate to that current at the circuit tem—

perature and for that transistor type. Q2,
matched to Q1 (a monolithic dual tran-

sistor is ideal), is thereby programmed to
source the same current to the load. The

small base currents are unimportant.
One nice feature of this circuit is voltage

compliance of the output transistor current

0041

source to Within a few tenths of a volt of

Vcc, since there is no emitter resistor drop
to contend with. Also, in many applica—
tions it is handy to be able to program a
current with a current. An easy way to gen—
erate the control current 1p is with a resis—

tor (Fig. 2.45). Since the bases are a diode
drop below V00, the 14.4k resistor pro—
duces a control current, and therefore an

output current, of lmA. Current mirrors
can be used in transistor circuits when—

ever a current source is needed. They're
very popular in integrated circuits, Where
(a) matched transistors abound and (b) the

designer tries to make circuits that will
work over a large range of supply voltages.
There are even resistorless integrated cir-

cuit op—amps in which the operating cur-

rent of the Whole amplifier is set by one
external resistor, With all the quiescent cur-

rents of the individual amplifier stages in-

side being determined by current mirrors.

Vac +15v

 
Figure 2.45

Current mirror limitations due to Early
effect

One problem with the simple current mir—

ror is that the output current varies a bit
with changes in output voltage, i.e., the

output impedance is not infinite. This is
because of the slight variation of V3}; with
collector voltage at a given current in Q2
(due to Early effect); in other words, the
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curve of collector current versus collector—

emitter voltage at a fixed base-emitter volt-
age is not flat (Fig. 2.46). In practice, the

 
Figure 2.46

current might vary 25% or so over the

output compliance range — much poorer
performance than the current source with
emitter resistor discussed earlier.

+ 20V

 
LOk

‘1rnA

Figure 2.47. Improved current mirror.

One solution, if a better current source

is needed (it often isn't). is the circuit

shown in Figure 2.47. The emitter resis-
tors are chosen to have at least a few tenths

of a volt drop; this makes the circuit a far
better current source, since the small vari-

ations of V3,; with VCE are now negligible
in determining the output current. Again,
matched transistors should be used.

Wilson mirror

Another current mirror with very constant
current is shown in the clever circuit of

2.14 Current mirrors

Figure 2.48. Q1 and Q2 are in the usual
mirror configuration, but Q3 now keeps
Ql’s collector fixed at two diode drops

+ Um

 
Figure 2.48. Wilson current mirror. Good sta—
bility with load variations is achieved through
cascode transistor Q3, which reduces voltage
variations across Q1.

below V00. That circumvents the Early ef-

fect in Q1, whose collector is now the pro-
gramming terminal, with Q2 now sourc—
ing the output current. Q3 does not af-
fect the balance of currents, since its base

current is negligible; its only function is
to pin Ql’s collector. The result is that

both current—determining transistors (Q1
and Q2) have fixed collector—emitter drops;
you can think of Q3 as simply passing
the output current through to a variable-
voltage load (a similar trick is used in the

cascode connection, which you will see

later in the chapter). Q3, by the way, does
not have to be matched to Q1 and Q2.

Multiple outputs and current ratios

Current mirrors can be expanded to source
(or sink, with npn transistors) current to

several loads. Figure 2.49 shows the idea.
Note that if one of the current source

transistors saturates (e.g., if its load is

disconnected), its base robs current from

the shared base reference line, reducing
the other output currents. The situation is

0042
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control
current

Figure 2.49. Current mirror with multiple
outputs. This circuit is commonly used to
obtain multiple programmable current sources.

 
’4: T :

Figure 2.50

rescued by adding another transistor (Fig.
2.50).

Figure 2.51 shows two variations on
the multiple-mirror idea. These circuits
mirror twice (or half) the control current.

In the design of integrated circuits, current
mirrors with any desired current ratio
can be made by adjusting the size of the
emitter junctions appropriately.

Texas Instruments offers complete mo—
nolithic Wilson current mirrors in conve-

nient TO-92 transistor packages. Their
TLOll series includes 1:1, 1:2, 1:4, and

2:] ratios, with output compliance from
1.2 to 40 volts. The Wilson configuration

gives good current source performance - at
constant programming current the output

current increases by only 0.05% per volt —

and they are very inexpensive (50 cents or
less). Unfortunately, these useful devices

are available in npn polarity only.
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control
current
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Figure 2.51. Current mirrors with current
ratios other than 1: 1.

1' Vac

LEI:

 I, = 20uA

(programming
current)

Figure 2.52. Modifying current-source output
with an emitter resistor. Note that the output
current is no longer a simple multiple of the
progamming cun‘ent.

Another way to generate an output cur-

rent that is a fraction of the programming



current is to add a resistor in the emitter

circuit of the output transistor (Fig. 2.52).

In any circuit Where the transistors are op-
erating at different current densities, the
Ebers-Moll equation predicts that the dif-

ference in VBE depends only on the ra-
tio of the current densities. For matched

transistors, the ratio of collector currents

equals the ratio of current densities. The
graph in Figure 2.53 is handy for determin-

ing the difference in base-emitter drops in
such a situation. This makes it easy to de-
sign a "ratio mirror."
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Figure 2.53. Collector current ratios for
matched transistors as determined by the dif-
ference in applied base-emitter voltages.

EXERCBE 212

Show that the ratio mirror in Figure 2.52 works
as advertised.

SOME AMPLIFIER BUILDING BLOCKS

I] 2.15 Push-pull output stages

As we mentioned earlier in the chapter, an
npn emitter follower cannot sink current,

and a pnp follower cannot source current.

The result is that a single-ended follower

SOME AMPLIFIER BUILDING BLOCKS

2.15 Push-pull output stages

operating between split supplies can drive

a ground-returned load only if a high
quiescent current is used (this is sometimes
called a class A amplifier). The quiescent
current must be at least as large as the

maximum output current during peaks of
the waveform, resulting in high quiescent

power dissipation. For instance, Figure
2.54 shows a follower circuit to drive

an 8 ohm load with up to 10 watts of
audio. The pnp follower Q1 is included

to reduce drive requirements and to cancel

Qg’s VBE offset (zero volts input gives
zero volts output). Q1 could, of course,
be omitted for simplicity. The hefty
current source in Ql’s emitter load is
used to ensure that there is sufficient

base drive to Q2 at the top of the signal
swing. A resistor as emitter load would
be inferior because it would have to be a

rather low value (509 or less) in order to

guarantee at least 50mA of base drive to

Q2 at the peak of the swing. when load
current would be maximum and the drop
across the resistor would be minimum; the

resultant quiescent current in Q1 would be
excessive.

5v

 
 

011
loudspeaker

signal
in

—30V

Figure 2.54. A 10 watt loudspeaker amplifier.
built with a single—ended emitter follower, dis—
sipates 165 watts of quiescent power!

The output of this example circuit can

swing to nearly $15 volts (peak) in both

0044
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directions, giving the desired output power
(9V rms across 80). However, the out-

put transistor dissipates 55 watts with no
signal, and the emitter resistor dissipates

another 110 watts. Quiescent power dissi-
pation many times greater than the maxi-
mum output power is characteristic of this
kind of class A circuit (transistor always in
conduction); this obviously leaves a lot to
be desired in applications where any sig-

nificant amount of power is involved.

*TEV

Signal
in 

~15V

Figure 2.55. Push-pull emitter follower.

Figure 2.55 shows a push-pull follower

to do the same job. Q1 conducts on posi-
tive swings, Q2 on negative swings. With
zero input voltage, there is no collector

current and no power dissipation. At 10
watts output power there is less than 10
watts dissipation in each transistor.

 

 
signal in

/crossoverdistortinn'
..

‘v
Figure 2.56. Crossover distortion in the push-
pull follower.

 
 

El Crossover distortion in push-pull stages

There is a problem with the preceding
circuit as drawn. The output trails the

0045
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Figure 2.57. Biasing the push-pull follower to
eliminate crossover distortion.

input by a VBE drop; on positive swings

the output is about 0.6 volt less positive
than the input, and the reverse for negative
swings. For an input sine wave, the output

would look as shown in Figure 2.56. In
the language of the audio business, this is
called crossover distortion. The best cure

(feedback offers another method, although

it is not entirely satisfactory) is to bias the
push-pull stage into slight conduction, as
in Figure 2.57.

The bias resistors R bring the diodes
into forward conduction, holding Ql’s
base a diode drop above the input signal
and Qg’s base a diode drop below the input
signal. Now, as the input signal crosses

through zero, conduction passes from Q2

to Q1; one of the output transistors is
always on. R is chosen to provide enough
base current for the output transistors at
the peak output swing. For instance, with
$20 volt supplies and an 8 ohm load
running up to 10 watts sine-wave power,

the peak base voltage is about 13.5 volts,
and the peak load current is about 1.6
amps. Assuming a transistor beta of 50
(power transistors generally have lower
current gain than small-signaltransistors),

the 32mA of necessary base current will
require base resistors of about 220 ohms

(6.5V from Vac to base at peak swing).
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Thermal stability in class B push-pull
amplifiers

The preceding amplifier (sometimes called
a class B amplifier, meaning that each
transistor conducts over half the cycle)
has one bad feature: It is not thermally

stable. As the output transistors warm up
(and they will get hot, because they are

dissipating power when signal is applied),
their VBE drops, and quiescent collector
current begins to flow. The added heat this

produces causes the situation to get worse,
with the strong possibility of what is called

thermal runaway (whether it runs away
or not depends on a number of factors,
including how large a "heat sink" is used,

how well the diode temperature tracks the

transistor, etc.). Even without runaway,
better control over the circuit is needed,

usually with the sort of arrangement shown
in Figure 2.58.

+1!“
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Figure 2.58. Small emitter resistors improve
thermal stability in the push-pull follower.

For variety, the input is shown coming

from the collector of the previous stage; R1

now serves the dual purpose of being Ql’s

collector resistor and providing current to
bias the diodes and bias-setting resistor in

the push-pull base circuit. Here R3 and

R4, typically a few ohms or less, provide a

"cushion" for the critical quiescent current
biasing: The voltage between the bases
of the output transistors must now be a
bit greater than two diode drops, and you
provide the extra with adjustable biasing

resistor R2 (often replaced by a third series
diode). With a few tenths of a volt across

R3 and R4, the temperature variation of
V3E doesn't cause the current to rise very

rapidly (the larger the drop across R3 and
R4, the less sensitive it is), and the circuit

will be stable. Stability is improved by

mounting the diodes in physical contact
with the output transistors (or their heat
sinks).

You can estimate the thermal stability

of such a circuit by remembering that
the base—emitter drop decreases by about
2.1mV for each 10C rise and that the

collector current increases by a factor

of 10 for every 60mV increase in base-
emitter voltage. For example, if R2 were
replaced by a diode, you would have three

diode drops between the bases of Q2 and

Q3, leaving about one diode drop across
the series combination of R3 and R4.

(The latter would then be chosen to give
an appropriate quiescent current, perhaps

SOmA for an audio power amplifier.) The
worst case for thermal stability occurs
if the biasing diodes are not thermally

coupled to the output transistors.
Let us assume the worst and calculate

the increase in output—stage quiescent cur—
rent corresponding to a 30°C temperature
rise in output transistor temperature.

That‘s not a lot for a power amplifier, by
the way. For that temperature rise, the

VBE of the output transistors will decrease

by about 63mV at constant current, rais-

ing the voltage across R3 and R4 by about
20% (i.e., the quiescent current will rise

by about 20%). The corresponding figure
for the preceding amplifier circuit without

emitter resistors (Fig. 2.57) will be a factor
of 10 rise in quiescent current (recall that
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Io increases a decade per 60mV increase
in V33), i.e., 1000%. The improved ther—
mal stability of this biasing arrangement is
evident.

This circuit has the additional advan-

tage that by adjusting the quiescent
current, you have some control over the
amount of residual crossover distortion. A

push-pull amplifier biased in this way to
obtain substantial quiescent current at the
crossover point is sometimes referred to

as a class AB amplifier, meaning that both

transistors conduct simultaneously during
a portion of the cycle. In practice, you
choose a quiescent current that is a good

compromise between low distortion and
excessive quiescent dissipation. Feedback,

the subject of the next chapter, is almost

always used to reduce distortion still fur-
ther.

 
Figure 2.59. Biasing a push-pull output stage
for low crossover distorion and good thermal
stability.

An alternative method for biasing a

push-pull follower is shown in Figure 2.59.

0047

Q4 acts as an adjustable diode: The base
resistors are a divider, and therefore Q4’s

collector—emitter voltage will stabilize at a
value that puts 1 diode drop from base to
emitter, since any greater VCE will bring
it into heavy conduction. For instance, if
both resistors were lk, the transistor would

turn on at 2 diode drops, collector to emit—

tcr. In this case. the bias adjustment lets
you set the push—pull interbase voltage any—

where from 1 to 3.5 diode drops. The
lO/iF capacitor ensures that both output
transistor bases see the same signal; such

a bypass capacitor is a good idea for any

biasing scheme you use. In this circuit.

Ql’s collector resistor has been replaced
by current source Q5. That's a useful cir-
cuit variation, because with a resistor it is

sometimes difficult to get enough base cur—

rent to drive Q2 near the top of the swing.
A resistor small enough to drive Q2 suffi—
ciently results in high quiescent collector

current in Q1 (with high dissipation), and
also reduced voltage gain (remember that

G = “Reallectot /Remitteml- AHOther SOlu'
tion to the problem of Qz’s base drive is
the use of bootstrapping, a technique that

will be discussed shortly.

 
Figure 2.60. Darlington transistor configura-
tion.

2.16 Darlington connection

If you hook two transistors together as
in Figure 2.60, the result behaves like a

single transistor with beta equal to the



product of the two transistor betas. This
can be very handy where high currents

are involved (e.g., voltage regulators or

power amplifier output stages), or for input
stages of amplifiers where very high input
impedance is necessary.

For a Darlington transistor the base-
emitter drop is twice normal, and the

saturation voltage is at least one diode
drop (since Ql’s emitter must be a diode
drop above Qg’s emitter). Also. the
combination tends to act like a rather slow

transistor because Q1 cannot turn off Q2
quickly. This problem is usually taken care

of by including a resistor from base to

emitter of Q2 (Fig. 2.61). R also prevents

leakage current through Q1 from biasing

E

Figure 2.61. lmproving turn-off speed in a
Darlington pair.

Q2 into conduction; its value is chosen so

that Ql’s leakage current (nanoamps for
small—signal transistors, as much as hun—

dreds of microamps for power transistors)
produces less than a diode drop across R
and so that R doesn't sink a large propor-
tion of (22’s base current when it has a

diode drop across it. Typically R might be
a few hundred ohms in a power transistor

Darlington, or a few thousand ohms for a

small-signal Darlington.

Darlington transistors are available as
single packages, usually with the base-
emitter resistor included. A typical ex~
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E

Figure 2.62. Sziklai connection (”complemen-
tary Darlington").

ample is the npn power Darlington

2N6282, with current gain of 2400 (typi-

cally) at a collector current of 10 amps.

Sziklai connection

A similar beta-boosting configuration is
the Sziklai connection, sometimes referred

to as a complementary Darlington (Fig.
2.62). This combination behaves like an

npn transistor, again with large beta. It has
only a single base—emitter drop, but it also
cannot saturate to less than a diode drop.
A small resistor from base to emitter of Q2
is advisable. This connection is common

in push-pull power output stages where
the designer wishes to use one polarity of
output transistor only. Such a circuit is

shown in Figure 2.63. As before, R1 is

Ql’s collector resistor. Darlington QgQa
behaves like a single npn transistor with
high current gain. The Sziklai connected
pair Q4625 behaves like a single high-gain
pnp power transistor. As before, R3 and
R4 are small. This circuit is sometimes

called a pseudocomplementary push-pull
follower. A true complementary stage

would use a Darlington-connected pnp pair
for Q4Q5-

Superbeta transistor

The Darlington connection and its near
relatives should not be confused with the

so—called superbeta transistor, a device

0048
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with very high hpE achieved through
the manufacturing process. A typical

superbeta transistor is the 2N5962, with a

guaranteed minimum current gain of 450

at collector currents from lOuA t0 lOmA;
it belongs to the 2N596l—2N5963 series;
with a range of maximum VCEs of 30

to 60 volts (if you need higher collector

voltage, you have to settle for lower beta).
Superbeta matched pairs are available for
use in low-level amplifiers that require

matched characteristics, a topic we will
discuss in Section 2.18. Examples are the

LM394 and MAT—01 series; these provide
high-gain npn transistor pairs whose VBES
are matched to a fraction of a millivolt

(as little as SOuV in the best versions) and
whose hpgs are matched to about 1%. The

MAT-O3 is a pnp matched pair.

*Vcc

 
—Vfl

Figure 2.63. Push-pull power stage using only
npn output transistors.

It is possible to combine superbeta
transistors in a Darlington connection.

0049

Some commercial devices (e.g., the LMll
and LM316 op-amps) achieve base bias
currents as low as 50 picoamps this way.

[1 2.17 Bootstrapping

When biasing an emitter follower, for in-

stance, you choose the base voltage divider

resistors so that the divider presents a stiff
voltage source to the base, i.e_, their paral-
lel impedance is much less than the imped—

ance looking into the base. For this reason
the resulting circuit has an input imped—

ance dominated by the voltage divider —
the driving signal sees a much lower im-

pedance than would otherwise be neces—
sary. Figure 2.64 shows an example. The
input

+Vm

in-—-—{

DUI 
Figure 2.64

resistance of about 9k is mostly due to the

voltage-divider impedance of 10k. it is

always desirable to keep input impedances
high, and anyway it's a shame to load
the input with the divider, which, after
all, is only there to bias the transistor.

Bootstrapping is the colorful name given to
a technique that circumvents this problem

(Fig. 2.65). The transistor is biased by
the divider R1R2 through series resistor

R3. 02 is chosen to have low impedance
at signal frequencies compared with the

bias resistors. As always, bias is stable

if the dc impedance seen from the base
(in this case 9.7k) is much less than the

dc impedance looking into the base (in



this case approximately 100k). But now

the signal-frequency input impedance is
no longer the same as the dc impedance.

Look at it this way: An input wiggle Uin
results in an emitter wiggle 11E x 11in. So
the change in current through bias resistor

R3 isi = (Um — val/Ra 2 0, i.e., Zin
(due to bias string) = Ilia/tin z infinity.
We've made the loading (shunt) impedance

of the bias network very large at signal

frequencies.

DUI 
Figure 2.65. Raising the input impedance of
an emitter follower at signal frequencies by
bootstrapping the base bias divider.

Another way of seeing this is to notice

that R3 always has the same voltage across
it at signal frequencies (since both ends
of the resistor have the same voltage

changes). i.e., it's a current source. But
a current source has infinite impedance.

Actually, the effective impedance is less
than infinity because the gain of a follower
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In practice the value of R3 is effectively
increased by a hundred or so, and the

input impedance is then dominated by the
transistor's base impedance. The emitter-

degenerated amplifier can be bootstrapped
in the same way, since the signal on
the emitter follows the base. Note that

the bias divider circuit is driven by the

low-impedance emitter output at signal
frequencies, thus isolating the input signal
from this usual task.

uulpul  
_V"‘

Figure 2.66. Bootstrapping driver-stage collec-
tor load resistor in a power amplifier.

is slightly less than 1. That is so because [I Bootstrapping collector load resistors
the base-emitter drop depends on collector
current, which changes with the signal
level. You could have predicted the same

result from the voltage—dividing effect of

the impedance looking into the emitter

[re = 25/IC(mA) ohms] combined with
the emitter resistor. If the follower has

voltage gain A (A z 1), the effective value
of R3 at signal frequencies is

Ra/(1'- A)

The bootstrap principle can be used to in-
crease the effective value of a transistor‘s

collector load resistor, if that stage drives

a follower. That can increase the voltage
gain of the stage substantially [recall that

GV = _ngCI With gm :1/(RE +T9)]'
Figure 2.66 shows an example of a boot—
strapped push—pull output stage similar to

the push—pull follower circuit we saw ear—

lier. Because the output follows (22’s base
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signal, C bootstraps Ql’s collector load,
keeping a constant voltage across R2 as the

signal varies (C must be chosen to have
low impedance compared with R1 and R2

at all signal frequencies). That makes R2

look like a current source, raising Ql’s
voltage gain and maintaining good base

drive to Q2, even at the peaks of the signal
swing. When the signal gets near VCC, the

junction of R1 and R2 actually rises above

Vcc because of the stored charge in C. In
this case, if R1 = R2 (not a bad choice) the

junction between them rises to 1.5 times
VCC when the output reaches VCC- This
circuit has enjoyed considerable popular-
ity in commercial audio amplifier design,
although a simple current source in place

of the bootstrap is superior, since it main-

tains the improvement at low frequencies

and eliminates the undesirable electrolytic
capacitor.

2.18 Differential amplifiers

The differential amplifier is a very com-

mon configuration used to amplify the dif-

ference voltage between two input signals.
In the ideal case the output is entirely
independent of the individual signal lev-
els — only the difference matters. When

both inputs change levels together, that's
a common-mode input change. A differen—
tial change is called normal mode. A good
differential amplifier has a high common—

mode rejection ratio (CMRR), the ratio of
response for a normal—mode signal to the
response for a common-mode signal of the
same amplitude. CMRR is usually speci-

fied in decibels. The common-mode input
range is the voltage level over which the
inputs may vary.

Differential amplifiers are important in

applications where weak signals are con—
taminated by "pickup" and other miscella-
neous noise. Examples include digital sig-

nals transferred over long cables (usually
twisted pairs of wires), audio signals (the
term "balanced" means differential, usu-
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ally 6009 impedance, in the audio busi-
ness), radiofrequency signals (twin—lead ca—

ble is differential), electrocardiogram volt-
ages, magnetic—core memory readout sig—
nals, and numerous other applications. A
differential amplifier at the receiving end
restores the original signal if the common-

mode signals are not too large. Differen—
tial amplifiers are universally used in op-
erational amplifiers, which we will come

to soon. They're very important in dc
amplifier design (amplifiers that amplify

clear down to dc, i.e., have no coupling ca—
pacitors) because their symmetrical design

is inherently compensated against thermal
drifts.

Figure 2.67 shows the basic circuit.
The output is taken off one collector with

respect to ground; that is called a Single-

ended output and is the most common
configuration. You can think of this

amplifier as a device that amplifies a

difference signal and converts it to a single-
ended signal so that ordinary subcircuits
(followers, current sources, etc.) can make

use of the output. (If, instead, a differential

output is desired, it is taken between the
collectors.)

input I 
_vE-E

Figure 2.67. Classic transistor differential
amplifier.

What is the gain? That's easy enough
to calculate: Imagine a symmetrical input
signal wiggle, in which input 1 rises by



vi“ (a small-signal variation) and input 2

drops by the same amount. As long as
both transistors stay in the active region,
point A remains fixed. The gain is then de—
termined as with the single transistor am—
plifier. remembering that the input change

is actually twice the wiggle on either base:

Gdiff = Ila/20".; + RE). Typically RE is
small, 100 ohms or less, or it may be omit-

ted entirely. Differential voltage gains of a
few hundred are typical.

The common-mode gain can be deter-

mined by putting identical signals 111“ on
both inputs. If you think about it correctly

(remembering that R1 carries both emitter

currents), you'll find GCM = —R0/(2111+

RE). Here we've ignored the small re, be—
cause R1 is typically large, at least a few
thousand ohms. We really could have ig—

nored RE as well. The CMRR is roughly

Rl/(rg + RE). Let's look at a typical ex—
ample (Fig. 2.68) to get some familiarity

with differential amplifiers.

RC is chosen for a quiescent current
of 100uA. As usual, we put the collector

at 0.5Vcc for large dynamic range. Ql’s
collector resistor can be omitted, since

no output is taken there. R1 is chosen

to give total emitter current of 200,uA,

split equally between the two sides when

lnputt
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the (differential) input is zero. From the

formulas just derived. this amplifier has
a differential gain of 30 and a common-
mode gain of 0.5. Omitting the 1.0k

resistors raises the differential gain to
150. but drops the (differential) input

impedance from about 250k to about 50k
(you can substitute Darlington transistors
in the input stage to raise the impedance
into the megohm range, if necessary).

Remember that the maximum gain of

a single—ended grounded emitter amplifier
biased to 0.51/00 is 201/00. In the case

of a differential amplifier the maximum

differential gain (RE = O) is half that
figure, or (for arbitrary quiescent point)
20 times the voltage across the collector

resistor. The corresponding maximum

CMRR (again with RE = 0) is equal to
20 times the voltage across R1.

EXERCISE 2.13

Verify that these expressions are correct. Then
design a differential amplifierto your own spec-
itications.

The differential amplifier is sometimes
called a "long-tailed pair," because if the

length of a resistor symbol indicated its
magnitude, the circuit would look like

Figure 2.69. The long tail determines the

 

Figure 2.68. Calculating differential amplifier performance.
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long tail

Figure 2.69

common—mode gain, and the small inter—
emitter resistance (including intrinsic
emitter resistance re) determines the dif-

ferential gain.

Current-source biasing

The common-mode gain of the differential

amplifier can be reduced enormously by
substituting a current source for R1. Then

R1 effectively becomes very large, and

the common-mode gain is nearly zero.
If you prefer, just imagine a common-

mode input swing; the emitter current
source maintains a constant total emitter

current, shared equally by the two collector
circuits, by symmetry. The output is
therefore unchanged. Figure 2.70 shows an
example. The CMRR of this circuit, using
an LM394 monolithic transistor pair for
Q1 and Q2 and a 2N5963 current source
is 100,000:1 (lOOdB). The common-mode

input range for this circuit goes from — 12
volts to +7 volts; it is limited at the

low end by the compliance of the emitter
current source and at the high end by the
collector's quiescent voltage.

Be sure to remember that this amplifier,
like all transistor amplifiers, must have a

dc bias path to the bases. If the input is ca—
pacitively coupled, for instance, you must

have base resistors to ground. An addi—
tional caution for differential amplifiers,
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13k

—-l5V

Figure 2.70. Improving CMRR of the differen—
tial amplifier with a current source.

particularly those without inter—emitter

resistors: Bipolar transistors can tolerate

only 6 volts of base—emitter reverse bias
before breakdown; thus, applying a differ-
ential input voltage larger than this will
destroy the input stage (if there is no inter-
emitter resistor). An inter-emitter resistor

limits the breakdown current and prevents
destruction, but the transistors may be de-

graded (in hfe: noise, etc.). In either case
the input impedance drops drastically dur-
ing reverse conduction.

Use in single-ended dc amplifiers

A differential amplifier makes an excellent
dc amplifier, even for single-ended inputs.
You just ground one of the inputs and con-
nect the signal to the other (Fig. 2.71). You
might think that the "unused" transistor
could be eliminated. Not so! The dif-

ferential configuration is inherently com-

pensated for temperature drifts, and even
when one input is at ground that transis-
tor is still doing something: A tempera-

ture change causes both VBES to change
the same amount, with no change in bal—
ance or output. That is, changes in VBE
are not amplified by Gdig (only by GOM,



which can be made essentially zero). Fur—
thermore. the cancellation of VBES means

that there are no 0.6 volt drops at the input
to worry about. The quality of a dc ampli-
fier constructed this way is limited only by

mismatching of input VBES or their tem-
perature coefficients. Commercial mono-

lithic transistor pairs and commercial dif-
ferential amplifier ICs are available with
extremely good matching (e.g., the MAT-
01 npn monolithic matched pair has a typ-
ical drift of VBE between the two transis-

tors of 0.15pV/0C and 0.2pV per month).

+Vcc

  dc input _
(noninverting)

‘ v.5:

Figure 2.7 l. A differential amplificrcan be used
as a precision single-ended dc amplifier.

Either input could have been grounded
in the preceding circuit example. The
choice depends on whether or not the

amplifier is supposed to invert the signal.
(The configuration shown is preferable
at high frequencies, however, because of

Miller effect; see Section 2.19.) The
connection shown is noninverting, and so

the inverting input has been grounded.
This terminology carries over to op-amps,

which are simply high-gain differential
amplifiers.

Current mirror active load

As with the simple grounded emitter am-
plifier, it is sometimes desirable to have a
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single-stage differential amplifier with very
high gain. An elegant solution is a cur-
rent mirror active load (Fig. 2.72). Q1 Q2
is the differential pair with emitter cur-

rent source. Q3 and Q4, a current mir-

ror, form the collector load. The high cf-

fcctivc collector load impedance provided
by the mirror yields voltage gains of 5000
or more. assuming no load at the ampli—
fier's output. Such an amplifier is usually
used only within a feedback loop. or as a

comparator (discussed in the next section).
Be sure to load such an amplifier with a

high impedance, or the gain will drop enor—
mously.

 
‘Ves

Figure 2.72. Differential amplifier with active
current mirror load.

Differential amplifiers as phase splitters

The collectors of a symmetrical differen—
tial amplifier generate equal signal swings
of opposite phase. By taking outputs from

both collectors, you've got a phase splitter.

Of course, you could also use a differen-
tial amplifier with both differential inputs
and differential outputs. This differential

output signal could then be used to drive

an additional differential amplifier stage,

with greatly improved overall common-

mode rejection.
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Differential amplifiers as comparators

Because of its high gain and stable char-

acteristics. the differential amplifier is the
main building block of the comparator, a
circuit that tells which of two inputs is
larger. They are used for all sorts of ap—
plications: switching on lights and heaters,
generating square waves from triangles. de-
tecting when a level in a circuit exceeds
some particular threshold, class D ampli-

fiers and pulse-code modulation, switching

power supplies, etc. The basic idea is to
connect a differential amplifier so that it
turns a transistor switch on or off, depend-
ing on the relative levels of the input sig-

nals. The linear region of amplification
is ignored, with one or the other of the

two input transistors cut off at any time.

A typical hookup is illustrated in the next
section by a temperature-controlling cir-
cuit that uses a resistive temperature sen-
sor (thermistor).

2.19 Capacitance and Miller effect

In our discussion so far we have used what

amounts to a dc. or low-frequency, model
of the transistor. Our simple current
amplifier model and the more sophisti-
cated Ebers-Moll transconductance mod-

el both deal with voltages, currents, and
resistances seen at the various terminals.

With these models alone we have managed
to go quite far, and in fact these simple
models contain nearly everything you will
ever need to know to design transistor cir—
cuits. However. one important aspect that

has serious impact on high-speed and high-
frequency circuits has been neglected: the
existence of capacitance in the external cir-

cuit and in the transistor junctions them-
selves. Indeed, at high frequencies the ef-

fects of capacitance often dominate circuit
behavior; at 100 MHZ a typical junction
capacitance of SpF has an impedance of
320 ohms!

We will deal with this important sub—

ject in detail in Chapter 13. At this point

0055

we would merely like to state the problem,
illustrate some of its circuit incarnations,

and suggest some methods of circumvent-
ing the problem. It would be a mistake
to leave this chapter without realizing the

nature of this problem. In the course of
this brief discussion we will encounter the

famous Miller efléct and the use of config-
urations such as the cascode to overcome
it.

Junction and circuit capacitance

Capacitance limits the speed at which the
voltages within a circuit can swing ("slew

rate"), owing to finite driving impedance
or current. When a capacitance is driven

by a finite source resistance, you see RC ex-

ponential charging behavior, whereas a ca-

pacitance driven by a current source leads
to slew-rate-limited waveforms (ramps).
As general guidance, reducing the source

impedances and load capacitances and in—

creasing the drive currents within a circuit
will speed things up. However, there are
some subtleties connected with feedback

capacitance and input capacitance. Let's
take a brief look.

-VCC

output

 
Figure 2.73. Junction and load capacitances in
a transistor amplifier.

The circuit in Figure 2.73 illustrates

most of the problems of junction capac—
itance. The output capacitance forms a
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time constant with the output resistance
RL (RL includes both the collector
and load resistances, and CL includes

both junction and load capacitances),

giving a rollofi starting at some frequency
f = UQWRLCL. The same is true for the

input capacitance in combination with the

source impedance Rs.

Miller effect

Cob is another matter. The amplifier has

some overall voltage gain GV, so a small
voltage wiggle at the input results in a

wiggle GV times larger (and inverted) at

the collector. This means that the signal

source sees a current through Cob that is

GV+ 1 times as large as if Cob were con-

nected from base to ground; i.e., for the
purpose of input rolloff frequency calcu—
lations, the feedback capacitance behaves

like a capacitor of value Cablerl- 1,) from
input to ground. This effective increase of
Cd, is known as the Miller effect. It of-
ten dominates the rolloff characteristics of

amplifiers, since a typical feedback capaci-
tance of 4pF can look like several hundred

picofarads to ground.
There are several methods available to

beat the Miller effect. It is absent alto-

gether in a grounded base stage. You can

decrease the source impedance driving a
grounded emitter stage by using an emit—
ter follower. Figure 2.74 shows two other

possibilities. The differential amplifier cir-
cuit (with no collector resistor in Q1) has

no Miller effect; you can think of it as an

emitter follower driving a grounded base

amplifier. The second circuit is the famous
cascode configuration. Q1 is a grounded

emitter amplifier with RL as its collector

resistor. Q2 is interposed in the collector
path to prevent Ql’s collector from swing—
ing (thereby eliminating the Miller effect)

while passing the collector current through

to the load resistor unchanged. V+ is a
fixed bias voltage. usually set a few volts

above Ql’s emitter voltage to pin Ql’s

+Va

  
Figure 2.74. Two circuit configurations that
avoid Miller efiect. Circuit B is the cascode.

collector and keep it in the active region.
This fragment is incomplete as shown; you

could either include a bypassed emitter

resistor and base divider for biasing (as
we did earlier in the chapter) or include
it within an overall loop with feedback at

dc. V+ might be provided from a divider
or zener, with bypassing to keep it stiff at
signal frequencies.

EXERCISE 2.14

Explain in detail why there is no Miller effect
in either transistor in the preceding differential
amplifier and cascode circuits.

Capacitive effects can be somewhat

more complicated than this brief introduc—
tion might indicate. In particular: (a) The
rolloffs due to feedback and output capaci-

tances are not entirely independent; in the
terminology of the trade there is pole split-
ting, an effect we will explain in the next

chapter. (b) The input capacitance still
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has an effect, even with a stiff input sig-
nal source. In particular, current that flows

through Cbe is not amplified by the tran-
sistor. This base current "robbing" by the
input capacitance causes the transistor's

small-signal current gain hfe to drop at
high frequencies, eventually reaching unity

at a frequency known as fT. (c) To com-
plicate matters, the junction capacitances

depend on voltage. Che Changes so rapidly
with base current that it is not even spec-

ified on transistor data sheets; fT is given
instead. ((1) When a transistor is operated

as a switch, effects associated with charge
stored in the base region of a saturated

transistor cause an additional loss of speed.
We will take up these and other topics hav—

ing to do with high—speed circuits in Chap—
ter 13.

2.20 Field-effect transistors

In this chapter we have dealt exclusively
with bipolar junction transistors (BJTs),

characterized by the Ebers-Moll equation.
BJTs were the original transistors, and they
still dominate analog circuit design. How-
ever, it would be a mistake to continue

without a few words of explanation about
the other kind of transistor, the field-effect

transistor (FET), which we will take up in
detail in the next chapter.

The FET behaves in many ways like
an ordinary bipolar transistor. It is a 3-
terminal amplifying device, available in
both polarities, with a terminal (the gate)
that controls the current flow between the

other two terminals (source and drain).

It has a unique property, though: The

gate draws no current, except for leakage.
This means that extremely high input

impedances are possible, limited only by
capacitance and leakage effects. With

FETs you don't have to worry about
providing substantial base current, as was
necessary with the BJT circuit design of

this chapter. Input currents measured in
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picoamperes are commonplace. Yet the
FET is a rugged and capable device, with
voltage and current ratings comparable to

those of bipolar transistors.
Most of the available devices fabricated

with transistors (matched pairs, differen-
tial and operational amplifiers, compara—
tors, high-current switches and amplifiers,
radiofrequency amplifiers, and digital
logic) are also available with FET construc-

tion, often with superior performance.

Furthermore, microprocessors and mem-
ory (and other large-scale digital electron-

ics) are built almost exclusively with FETs.
Finally, the area of micropower design is
dominated by FE'T circuits.

FETs are so important in electronic de-

sign that we will devote the next chapter

to them, before treating operational ampli—

fiers and feedback in Chapter 4. We urge
the reader to be patient with us as we lay
the groundwork in these first three difficult

chapters; that patience will be rewarded
many times over in the succeeding chap-
ters, as we explore the enjoyable topics of

circuit design with operational amplifiers
and digital integrated circuits.

SOME TYPICAL TRANSISTOR CIRCUITS

To illustrate some of the ideas of this

chapter, let's look at a few examples of
circuits with transistors. The range of
circuits we can cover is necessarily limited,
since real-world circuits often use negative
feedback, a subject we will cover in

Chapter 4.

2.21 Regulated power supply

Figure 2.75 shows a very common config—

uration. R1 normally holds Q1 on; when
the output reaches 10 volts, Q2 goes into
conduction (base at 5V), preventing fur-
ther rise of output voltage by shunting base

current from Ql’s base. The supply can be
made adjustable by replacing R2 and R3



 

Qt
HZV to +25V 2N3055

(unregulated)
_ +1ov

.Oto IOOmA

31-
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Figure 2.75. Feedback voltage regulator.

by a potentiometer. This is actually an

example of negative feedback: Q2 "looks
at" the output and does something about
it if the output isn't at the right voltage.

2.2 Temperature controller

The schematic diagram in Figure 2.76

3:

thermistor

SOME TYPICAL TRANSISTOR CIRCUITS

2.22 Temperature controller

shows a temperature controller based 011
a thermistor sensing element, a device that

changes resistance with temperature. Dif-
ferential Darlington Q1 — Q4 compares the

voltage of the adjustable reference divider
R4—R6 with the divider formed from the

thermistor and R2. (By comparing ratios
from the same supply, the comparison be-
comes insensitive to supply variations; this
particular configuration is called a Wheat-

stone bridge.) Current mirror Q5Q5 pro-
vides an active load to raise the gain, and

mirror Q7325 provides emitter current. Q9
compares the differential amplifier output
with a fixed voltage, saturating Darlington

Qlan, which supplies power to the heat-
er, if the thermistor is too cold. R9 is a

current-sensing resistor that turns on pro-

tection transistor Q12 if the output cur-
rent exceeds about 6 amps; that removes

base drive from (.21le1, preventing
damage.

+50V (unregulated)

— : Figure 2.76. Temperature controller for 50 watt heater.
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1:3” :51 s, 23:: 5'}, seat Figure 2.77. Both diodes and tran—

' sistors are used to make digital logic
:' r : "gates" in this seat-belt buzzer circuit.
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Figure 2.78. Curves of typical transistor current gain, hFE, for a selection of transistors from
Table 2.1. These curves are taken from manufacturers' literature. You can expect production
spreads of +100%, —50% from the "typical" values graphed.
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Figure 2.79

2.23 Simple logic with transistors
and diodes

Figure 2.77 shows a circuit that performs
a task we illustrated in Section 1.32:

sounding a buzzer if either car door is open
and the driver is seated. In this circuit the

transistors all operate as switches (either
off or saturated). Diodes 01 and D2

form what is called an OR gate, turning

off Q1 if either door is open (switch
closed). However, the collector of Q1 stays

near ground, preventing the buzzer from

sounding unless switch 33 is also closed
(driver seated); in that case R2 turns Q3

on, putting 12 volts across the buzzer. D3
provides a diode drop so that Q1 is off with

$1 or $2 closed, and D4 protects Q3 from
the buzzer's inductive turn-off transient.
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SELF—EXPLANATORYCIRCUITS
2.25 Bad circuits

In Chapter 8 we will discuss logic circuitry
in detail.

Table 2.1 presents a selection of useful
and popular small-signal transistors; Fig-
ure 2.78 shows corresponding curves of
current gain. See also Appendix K.

SELF-EXPLANATORY CIRCUITS

2.24 Good circuits

Figure 2.80 shows a couple of circuit ideas
that use transistors.

2.25 Bad circuits

A lot can be learned from your own
mistakes or someone else's mistakes. In

this section we present a gallery of blunders
(Fig. 2.81). You can amuse yourself

by thinking of variations on these bad
circuits, and then avoiding them!

ADDITIONAL EXERCISES

(I) Design a transistor switch circuit that

allows you to switch two loads to ground
via saturated npn transistors. Closing
switch A should cause both loads to be

powered, whereas closing switch B should
power only one load. Hint: Use diodes.

  
 

w

_ volt-nu
- ' . Dmmoml
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(2) Consider the current source in Figure
2.79. (a) What is Iload? What is the

output compliance? Assume VBE is 0.6
volt. (b) If hFE varies from 50 to 100

for collector voltages within the output
compliance range, how much will the

output current vary? (There are two effects

here.) (c) If VBE varies according to

AVBE 2 —0.0001 AVCE (Early effect).
how much will the load current vary over

the compliance range? (d) What is the
temperature coefficient of output current

assuming that hFE does not vary with
temperature? What is the temperature
coefficient of output current assuming that
hFE increases from its nominal value of

100 by 0.4%IDC'.’

(3) Design a common—emitter npn ampli—
fier with voltage gain of 15. V00 of +15
volts. and 10 of 0.5mA. Bias the collector

at 0.5VCC, and put the low-frequency 3dB
point at lOOHz.

(4) Bootstrap the circuit in the preceding
problem in order to raise the input imped-
ance. Choose the rolloff of the bootstrap

appropriately.

(5) Design a dc-coupled differential am-
plifier with voltage gain of 50 (to a single-

ended output) for input signals near
ground, supply voltages of :lzlS volts, and
quiescent currents of 0.1mA in each tran-
sistor. Use a current source in the emitter

and an emitter follower output stage.

(6) In this problem you will ultimately de—
sign an amplifier whose gain is controlled
by an externally applied voltage (in Chap-
ter 3 you will see how to do the same

thing with FETs). (a) Begin by design-
ing a long-tailed pair differential amplifier
with emitter current source and no emitter

resistors (undegenerated). Use :l:15 volt
supplies. Set Io (each transistor) at lmA,
and use RC = 1.0k. Calculate the volt—

age gain from a single—ended input (other

input grounded) to a single-ended output.

(b) Now modify the circuit so that an ex-
ternally applied voltage controls the emit-
ter current source. Give an approximate
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 In further
stages

input 1

' Via

Figure 2.83. Base-current cancellation scheme.
commonly used in high-quality operational
amplifiers.

formula for the gain as a function of
controlling voltage. (In a real circuit you

might arrange a second set of voltage-
controlled current sources to cancel the

quiescent-point shift that gain changes
produce in this circuit, or a differential-

input second stage could be added to your
circuit.)

(7) Disregarding the lessons of this chap-
ter, a disgruntled student builds the am-

plifier shown in Figure 2.82. He adjusts
R until the quiescent point is 0.5Vcc. (a)
What is Zin (at high frequencies where

Z0 2 0)? (b) What is the small—signal volt—

age gain? (0) What rise in ambient temper—
ature (roughly) will cause the transistor to
saturate?
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Ch3: Field—Effect Transistors

INTRODUCTION

Field-effect transistors (FETs) are different

from the ordinary transistors (sometimes
called "bipolar transistors," "bipolar junc-

tion transistors," or BJTs, to distinguish
them from FETS) that we talked about

in the last chapter. Broadly speaking,
however, they are similar devices,

which we might call charge—control de-
vices: In both cases we have a 3—terminal
device in which the conduction between

two electrodes depends on the availabil-
ity of charge carriers, which is controlled

by a voltage applied to a third control
electrode.

Here's how they differ: In an npn BJT
the collector-base junction is back-biased,
so no current normally flows. Forward-
biasing the base-emitter junction by no.6

volts overcomes its diode "contact poten-
tial barrier," causing electrons to enter the
base region, where they are strongly at-

tracted to the collector; although some base
current results, most of these "minority

carriers" are captured by the collector.
This results in a collector current, con-

trolled by a (smaller) base current. The

collector current is proportional to the
rate of injection of minority carriers into
the base region, which is an exponential

function of the BE potential difference (the
Ebers—Moll equation). You can think of

a bipolar transistor as a current amplifier

(with roughly constant current gain, hpE)
or as a transconductance device (Ebers—
Moll).

In a PET, as the name suggests, conduc-

tion in a channel is controlled by an elec—

tricjielcl, produced by a voltage applied to

the gate electrode. There are no forward-
biased junctions, so the gate draws no cur-
rent; this is perhaps the most important
advantage of the PET. As with BJTs, there

are two polarities, n-clzannel FETs (con-

duction by electrons) and p—channel FETs
(conduction by holes). These two polari—
ties are analogous to the familiar npn and

pnp bipolar transistors, respectively. In ad-
dition, however, FETs tend to be confusing
at first because they can be made with two

different kinds of gates (thus JFETS and

MOSFETS), and with two different kinds

of channel doping (leading to enhancement

and depletion modes). We'll sort out these
possibilities shortly.
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First, though, some motivation and per-
spective: The FET’s nonexistent gate cur—
rent is its most important characteristic.

The resulting high input impedance (which

can be greater than 10149] is essential in
many applications, and in any case it
makes circuit design simple and fun. For

applications like analog switches and am—

plifiers of ultrahigh input impedance, FETs
have no equal. They can be easily used by
themselves or combined with bipolar tran—
sistors to make integrated circuits: In the
next chapter we'll see how successful that

process has been in making nearly perfect
(and wonderfully easy to use) operational

ampfifiers, and in Chapters 8—11 we‘ll see
how digital electronics has been revolu-

tionized by MOSFET integrated circuits.

Because many FETs using very low current
can be constructed in a small area, they

are especially useful for large-scale integra-

tion (LSI) digital circuits such as calculator

chips, microprocessors, and memories. In
addition, high-current MOSFETs (30A or
more) of recent design have been replacing
bipolar transistors in many applications,

often providing simpler circuits with im—
proved performance.

3.01 FET characteristics

Beginners sometimes become catatonic
when directly confronted with the confus—
ing variety of FET types (see, for exam—

ple. the first edition of this bookl). a vari-
ety that arises from the combined choices
of polarity (n-channel or p-channel). form

of gate insulation (semiconductor junction
[JFET] or oxide insulator [MOSFET]), and

channel doping (enhancement or depletion
mode). Of the eight resulting possibilities,
six could be made, and five actually are.
Four of those five are of major importance.

It will aid understanding (and sanity),

however, if we begin with one type only,

just as we did with the npn bipolar tran—
sistor. Once comfortable with FETs. we‘ll

have little trouble with their family tree.
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Let's look first at the n-channel enhance-

ment-mode MOSFET, which is analogous
to the npn bipolar transistor (Fig. 3.1). In
normal operation the drain (~collector) is

more positive than the source (Nemitter).
No current flows from drain to source

unless the gate (~base) is brought positive
with respect to the source. Once the
gate is thus "fonvard—biased" there will be
drain current, all of which flows to the

source. Figure 3.2 shows how the drain
current ID varies with drain-source voltage

V135, for a few values of controlling gate-

source voltage Vgg. For comparison, the
corresponding "family" of curves of IC

versus V3,; for an ordinary npn bipolar
transistor is shown. Obviously threre are
a lot of similarities between n-channel

MOSFETs and npn bipolar transistors.

dram collector

' bndvgélfi

SOUfCe

base

emmer

n channel MOSFET npn bipolar tranSIstor

Figure 3.1

Like the npn transistor, the FET has a

high incremental drain impedance, giving

roughly constant current for V133 greater
than a volt or two. By an unfortunate

choice of language, this is called the "satu-

ration" region of the FET and corresponds
to the "active" region of the bipolar tran—
sistor. Analogous to the bipolar transistor.

larger gate-to-source bias produces larger

drain current. If anything. FETs behave
more nearly like ideal transconductance
devices (constant drain current for con-

stant gate-source voltage) than do bipolar
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Figure 3.2. Measured MOSFET/transistor Characteristic curves.
A. VN0106 n-channel MOSFET: ID versus VDS for various values of Vcs.
B. 2N3904 npn bipolar transistor: Io versus V0}; for various values of VBE.

transistors; the Ebers-Moll equation pre-

dicts perfect transconductance characteris-

tics for bipolar transistors, but that ideal
behavior is degraded by the Early effect
(Section 2.10).

So far, the FET looks just like the npn
transistor. Let's look closer, though. For
one thing, over the normal range of cur—
rents the saturation drain current increases

rather modestly with increasing gate volt-

age (VGS)- In fact, it is proportional to

(VGs — Ifrp )1, where VT is the "gate thresh-
old voltage" at which drain current begins
(VT z 1.63V for the FET in Fig. 3.2);

compare this mild quadratic law with the
steep exponential transistor law, as given

to us by Ebers and Moll. Second, there is

zero dc gate current, so you mustn't think
of the FET as a device with current gain
(which would be infinite). Instead, think
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of the FET as a transconductance device,

with gate-source voltage programming the

drain current, as we did with the bipolar
transistor in the Ebers-Moll treatment; re-

call that the transconductance g is sim-

ply the ratio lid/“m (recall the conven—
tion of using lower—case letters to indicate
"small-signal" changes in a parameter; e.g.,

I'd/U93 = Elk/61G”. Third, the gate of a
MOSFET is truly insulated from the drain-
source channel; thus, unlike the situation

for bipolar transistors (or JFETS, as we‘ll
see), you can bring it positive (or negative)
at least 10 volts or more without worrying

about diode conduction. Finally, the FET

differs from the bipolar transistor in the
so—called linear region of the graph, where

it behaves rather accurately like a resistor,

even for negative VDs; this turns out to be
quite useful because the equivalent drain-
source resistance is, as you might guess,

programmed by the gate-source voltage.

Two examples

FETs have more surprises in store for

us. Before getting into more details,
though. let's look at two simple switching

applications. Figure 3.3 shows the MOS-
FET equivalent of Figure 2.3, our first sat-
urated transistor switch. The FET circuit

is even simpler, because we don't have
to concern ourselves with the inevitable

compromise of providing adequate base
drive current (considering worst-case min-
imum hFE combined with the lamps cold
resistance) without squandering excessive
power. Instead, we just apply a full-swing
dc voltage drive to the cooperative high-
impedance gate. As long as the switched-
on FET behaves like a resistance small

compared with the load, it will bring its

drain close to ground; typical power MOS-
FETs have RON < 0.2 ohm, which is fine

for this job.

Figure 3.4 shows an "analog switch"

application, which cannot be done at all
with bipolar transistors. The idea here is to
switch the conduction of a FET from open—
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circuit (gate reverse—biased) to short-circuit

(gate forward-biased), thus blocking or
passing the analog signal (we'll see plenty
of reasons to do this sort of thing later).
In this case we just arrange for the gate

to be driven more negative than any in-
put signal swing (switch open), or a few
volts more positive than any input signal

swing (switch closed). Bipolar transistors
aren't suited to this application, because
the base draws current and forms diodes

with the emitter and collector, producing
awkward clamping action. The MOSFET

is delightfully simple by comparison,
needing only a voltage swing into the
(essentially open—circuit) gate. Warning:
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conducting nrtype region
forms here when gate IS

brought posntive

Figure 3.5. An n—channel MOSFET.

It's only fair to mention that our treat-
ment of this circuit has been somewhat

simplistic, for instance ignoring the effects
of gate-channel capacitance and the

variation of RON with signal swing. We'll
have more to say about analog switches
later.

3.02 FET types

n-channel, p-channel

Now for the family tree. First of all, FETs

(like BJTS) can be fabricated in both p0-
larities. Thus, the mirror twin of our 71-

channel MOSFET is a p-channel MOSFET.

Its behavior is symmetrical, mimicking
[mp transistors: The drain is normally neg-
ative with respect to the source, and drain
current flows if the gate is brought at least
a volt or two negative with respect to the

source. The symmetry isn't perfect be-
cause the carriers are holes, rather than

electrons, with lower "mobility" and "mi-
nority carrier lifetime." These are semi-

conductor parameters of importance in
transistor performance. The consequence

is worth remembering - p-channel FETs
usually have poorer performance,

manifested as higher gate threshold vol—

tage, higher RON, and lower saturation
current.

"body“ at
"SUbSUBtEF

MOSFET, JFET

In a MOSFET (“Metal-Oxide-Semicon-

ductor Field-Effect Transistor") the gate
region is separated from the conducting

channel by a thin layer of Si02 (glass)
grown onto the channel (Fig. 3.5). The

gate, which may be either metal or doped
silicon, is truly insulated from the source-
drain circuit, with characteristic input
resistance >101‘l ohms. It affects channel

conduction purely by its electric field.
MOSFETs are sometimes called insulated-

gate FETs, or IGFETS. The gate insulating
layer is quite thin, typically less than a
wavelength of light, and can withstand
gate voltages up to $20 volts or more.
MOSFETs are easy to use because the gate
can swing either polarity relative to the
source without any gate current flowing.

They are, however, quite susceptible to
damage from static electricity; you can
destroy a MOSFET device literally by

touching it.
The symbols for MOSFETs are shown

in Figure 3.6. The extra terminal is the

"body," or "substrate," the piece of sili—
con in which the FET is fabricated (see

Fig. 3.5). Because the body forms a diode

junction with the channel, it must be held

at a nonconducting voltage. It can be
tied to the source, or to a point in the
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drain drain making the drain the preferred output
. terminal.

gate —' .bodv fiateg' Indy5 S drain I
source source ‘

yor CH 9 fi‘fis (drain drain

‘ source

II-——— badv gate 4% deV DIgate —
drain

source source drain

A. n-channel MOSFET B. p-channel MOSFET gate gate 6 ‘1i . S l' source

Flgure 3.6 some I
A. nrchannelJFET or

circuit more negative (positive) than the drai
source for n-channel @-channel) MOS-

FETs. It is common to see the body

terminal omitted; furthermore, engineers
often use the symbol with the symmetrical

gate. Unfortunately, with What's left you
can't tell source from drain; worse still,

you can't tell n-channel from p-channel!
We will use the lower set of schematic

symbols exclusively in this book to avoid
confusion. although we will often leave the

body pin unconnected.

In a JFET( "Junction Field-Effect Tran-

sistor") the gate forms a semiconductor
junction with the underlying channel. This
has the important consequence that a JFET

gate should not be forward biased with re—
spect to the channel, to prevent gate cur—
rent. For example, diode conduction will
occur as the gate of an n-channel JFET
approaches +0.6 volt with respect to the

more negative end of the channel (which is
usually the source). The gate is therefore

operated reverse-biased with respect to the
channel, and no current (except diode leak—

age) flows in the gate circuit. The cir-
cuit symbols for JFETs are shown in Fig—
ure 3.7. Once again, we favor the symbol
with offset gate, to identify the source. As
we'll see later, FETs (both JFET and MOS-

FET) are nearly symmetrical, but the gate—

drain capacitance is usually designed to
be less than the gate-source capacitance,

0070
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B. prchannel JFET

Figure 3.7

Enhancement, depletion

The 11—cha1mel MOSFETs with which we

began the chapter were nonconducting,
with zero (or negative) gate bias, and were

driven into conduction by bringing the gate
positive with respect to the source. This
kind of FET is knoan as enhancement

mode. The other possibility is to manu—
facture the n—channel FET with the chan—

nel semiconductor "doped" so that there
is plenty of channel conduction even with
zero gate bias, and the gate must be reverse-
biased a few volts to cut off the drain cur-

rent. Such a FET is known as depletion
mode. MOSFETs can be made in either

variety, since there is no restriction on gate

polarity. But JFETs permit only reverse
gate bias and therefore can be made only
in depletion mode.

A graph of drain current versus gate-

source voltage, at a fixed value of drain
voltage, may help clarify this distinction

(Fig. 3.8). The enhancement-mode device
draws no drain current until the gate



is brought positive (these are n-channel
FETs) with respect to the source, whereas

the depletion-mode device is operating at
nearly its maximum value of drain current

when the gate is at the same voltage as the
source. In some sense the two categories
are artificial, because the two curves are

identical except for a shift along the V03
axis. In fact, it is possible to manufacture
"in-between" MOSFETs. Nevertheless,

the distinction is an important one when

it comes to circuit design.

T ’9 JF ET limit

 

  
deplEtifjn enhancement

Figure 3.8

Note that JFETs are always depletion-
mode devices and that the gate cannot be

brought more than about 0.5 volt more

positive (for n-channel) than the source,
since the gate-channel diode will conduct.
MOSFETs could be either enhancement or

depletion, but in practice you rarely see
depletion—mode MOSFETs (the exceptions
being n-channel GaAs FETs and “dual-
gate" cascodes for radiofrequency applica-
tions). For all practical purposes, then, you
have to worry only about (a) depletion-
mode JFETs and (b) enhancement-mode

MOSFETs; they both come in the two po-
larities, n-channel and p-channel.

3.03 Universal FET characteristics

A family tree (Fig. 3.9) and a map (Fig.
3.10) of input/output voltage (source
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grounded) may help simplify things. The
different devices (including garden-variety

npn and pnp bipolar transistors) are drawn
in the quadrant that characterizes their in-

put and output voltages when they are in
the active region with source (or emitter)
grounded. You don't have to remember
the properties of the five kinds of FETs.
though, because they're all basically the
same.

FETs

I—‘P—iJFE‘I’ MDSF ET

Ha
depletion enhancement

nchannel [—l—\
nchannel prchannel

nchannel pchannel

Figure 3.9

output

n-channel enhancement
n pn transistors

l
_l—.,+ input

nchannel depletion
n-ehannel .JFET

input —4¥

p-channel enhancement p channel J F ET
pn p transistors

output

Figure 3.10

First, with the source grounded, a FET
is turned on (brought into conduction)

by bringing the gate voltage "toward" the

active drain supply voltage. This is true for
all five types of FETs, as well as the bipolar
transistors. For example, an n-ehannel

JFET (which is automatically depletion-

mode) uses a positive drain supply, as do

all n-type devices. Thus a positive-going
gate voltage tends to turn on the JFET.
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The subtlety for depletion-mode devices is
that the gate must be (negatively) back-
biased for zero drain current, whereas

for enhancement-mode devices zero gate
voltage is sufficient to give zero drain
current.

Second, because of the near symmetry
of source and drain, either terminal can act

as the effective source (exception: not true

for power MOSFETs, where the body is
internally connected to the source). When

thinking of FET action, and for purposes
of calculation, the effective source terminal

is always the one most "away" from the

active drain supply. For example, suppose
a FET is used to switch a line to ground,
and both positive and negative signals are

present on the switched line, which is usu-

ally selected to be the FET drain. If the
switch is an n-channel MOSFET (therefore

enhancement), and a negative voltage hap-

pens to be present on the (turned-0H) drain
terminal, then that terminal is actually the

"source" for purposes of gate turn-on volt-

age calculation. Thus a negative gate volt-
age larger than the most negative signal,

rather than ground, is needed to ensure
turn—off.

The graph in Figure 3.1 1 may help you
sort out all these confusing ideas. Again,
the difference between enhancement and

depletion is merely a question of displace-
ment along the VGS axis — i.e., whether
there is a lot of drain current or no drain

current at all when the gate is at the same

potential as the source. The n-channel and
p-channel FETs are complementary in the

same way as npn and pnp bipolar transis-
tors.

In Figure 3.11 we have used standard
symbols for the important FET parame—
ters of saturation current and cutoff volt—

age. For JFETs the value of drain current
with gate shorted to source is specified on

the data sheets as IDSS and is nearly the
maximum drain current possible. (IDSS
means current from drain to source with

the gate shorted to the source. Throughout
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the chapter you will see this notation, in
which the first two subscripted letters des-

ignate the pair of terminals, and the third
specifies the condition.) For enhancement-
mode MOSFETs the analogous specifica-

tion is IDEDNJI given at some forward gate
voltage (“1035” would be zero for any
enhancement-mode device).

1090101
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Figure 3.1 1

For JFETs the gate-source voltage at

which drain current approaches zero is
called the "gate-source cutoff voltage,"

Vcsmpp). or the "pinch-off voltage," VP,
and 1s typically in the range of — 3 to — 10
volts (positive for p-channel, of course).
For enhancement-mode MOSFETs the

analogous quantity is the "threshold volt—

age," VT (or Va5011])! the gate—source volt—
age at which drain current begins to flow.

VT is typically in the range of 0.5 to 5 volts,
in the "forward" direction, of course. In-

cidentally, don't confuse the MOSFET VT

with the VT in the Ebers-Moll equation

that describes bipolar transistor collector

current; they have nothing to do with each
other.

With FETs it is easy to get confused

about polarities. For example, n-channel
devices, which usually have the drain
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positive with respect to the source, can

have positive or negative gate voltage, and
positive (enhancement) or negative (deple—
tion) threshold voltages. To make mat-
ters worse, the drain can be (and often

is) operated negative with respect to the
source. Of course, all these statements go

in reverse for p-channel devices. In or-
der to minimize confusion, we will always

assume n-channel devices unless explicitly
stated otherwise. Likewise, because MOS-

FETs are nearly always enhancement-

mode, and JFETs are always depletion-

mode. we'll omit those designations from
now on.

3.04 FET drain characteristics

In Figure 3.2 we showed a family of curves
of ID versus VDS that we measured for
a VN0106, an n-channel enhancement-

mode MOSFET. (The VNOl comes in

various voltage ratings, indicated by the

last two digits of the part number. For
example. a VN0106 is rated at 60V.) We

remarked that FETs behave like pretty
good transconductance devices over most
of the graph (i.e., ID nearly constant for a
given Ill/cg). except at small VDS, where

they approximate a resistance (i.e., ID
proportional to VDS). In both cases the

applied gate-source voltage controls the
behavior, which can be well described

by the FET analog of the Ebers—Moll
equation. Let's look at these two regions
a bit more closely.

Figure 3.12 shows the situation sche-

matically. In both regions the drain cur-
rent depends on VGS — VT, the amount

by which the applied gate-source voltage

exceeds the threshold (or pinch-off) volt-
age. The linear region, in which drain
current is approximately proportional to

VDS, extends up to a voltage V1355“).
after which the drain current is approx—

imately constant. The slope in the lin—

ear region, ID/VDS, is proportional to the
gate bias, VGs — VT. Furthermore, the

drain voltage at which the curves enter

the "saturation region," VDStSBH! equals
Vgg—VT, making the saturation drain cur-

rent, 10cm), proportional to (VGS — VTF,
the quadratic law we mentioned earlier.
For reference, here are the universal FET
drain—current formulas:

ID .7. 2k[(Vgs — V11")VDS _ Kris/2]

(linear region)

ID = k(VG5 — VT)2 (saturation region)

linear Iregion I saturation region

I “/Gs‘ VT':3V

 

 
  

 
  

1“ saturation dram current

I ! propomonal to V65 -— VT)2I

“W- i I was ~ v, )7 2vwupunlonal -—-
W Va: — L"Jr

  

/linear regtonextends to

Vosm: Vas

Figure 3.12

If we call V05 — VT (the amount by
which the gate—source voltage exceeds the
threshold) the "gate drive," the important
results are that (a) the resistance in the

linear region is inversely proportional to
gate drive, (b) the linear region extends to

a voltage equal to the gate drive, and (c)
saturation drain current is proportional to

the square of the gate drive. These equa-
tions assume that the body is connected to
the source. Note that the "linear region" is

not really linear, because of the V55 term;
we'll show a clever circuit fix later.

The scale factor k depends on particu-

lars such as the geometry of the FET, ox-

ide capacitance, and carrier mobility. It

has a temperature dependence k or T's/3,
which alone would cause ID to decrease
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with increasing temperature. However, VT

also depends slightly on temperature (2—
SmW"C}; the combined effect produces
the curve of drain current versus tempera—
ture shown in Figure 3.13.

square root olot
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At large drain currents the negative tem—

perature coefficient of k, causes the drain
current to decrease with increasing tem-
perature - goodbye thermal runaway! As

a consequence, FETs of a given type can

be paralleled without the external current—
equalizing ("emitter-ballasting") resistors
that you must use with bipolar transis-
tors (see Section 6.07). This same nega-
tive coefficient also prevents thermal run-
away in local regions of the junction (an

effect known as "current hogging"), which
severely limits the power capability of large
bipolar transistors, as we'll see when we
discuss "second breakdown" and "safe op-

erating area" in Chapter 6.

At small drain currents (where the tem-

perature coefficient of VT dominates), ID
has a positive tempco, with a point of
zero temperature coefficient at some drain
current in between. This.effect is ex—

ploited in FET op—amps to minimize
temperature drift. as we'll see in the next
chapter.
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Subthreshold region

Our expression given earlier for satura-

tion drain current does not apply for very
small drain currents. This is known as

the " subthreshold" region. where the chan-
nel is below the threshold for conduction,

but some current flows anyway because
of a small population of thermally ener-

getic electrons. If you've studied physics
or chemistry, you probably know in your

bones that the resulting current is exponen-
tial:

IQ = k e-xp(VGs — VT)

We measured some MOSFETS over 9

decades of drain current (lnA to IA) and

plotted the result as a graph of ID versus
VGS (Fig. 3.14). The region from lnA

to lmA is quite precisely exponential;

above this subthreshold region the curves

enter the normal saturation region. For
the n-channel MOSFET (type VNOl) we
checked out a sample of 20 transistors

(from four different manufacturing runs
spread over 2 years), plotting the extreme

range to give you an idea of the variability
(see next section). Note the somewhat

poorer characteristics (VT, 115mm) of the
"complementary" VPOI.

3.05 Manufacturing spread of FET
characteristics

Before we look at some circuits. let's take

a look at the range of FET parameters
(such as IDSS and VT), as well as their

manufacturing "spread" among devices of
the same nominal type, in order to get
a better idea of the FET. Unfortunately,
many of the characteristics of FETs show

much greater process spread than the cor—

responding characteristics of bipolar tran—
sistors. a fact that the designer must keep

in mind. For example, the VNOl (a typ-

ical n-channel MOSFET) has a specified
VT of 0.8 to 2.4 volts (ID = lmA), com-

pared with the analogous VBE spread of
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Figure 3.14. Measured MOSFET drain current
versus gate-source voltage.

0.63 to 0.83 volt (also at [C = 1mA) for

an npn bipolar transistor. Here's what you
can expect:

Characteristic Available range Spread

11353, ID(UN] lmA t0 100A X5
RDS(0N) 0.059 to 10k x5
9m @ lmA 500—3000ps x 5
VP (JFETS) 0.5—10V 5V
VT (MOSFETS) 0.5—5V 2V

BVDStOPF‘) 6-1000V
BVcsmrr) 6—125V

RD(0N) is the drain-source resistance
(linear region, i.e., small VDS) when the

PET is conducting fully, e.g., with the

gate grounded in the case of JFETS or
with a large applied gate-source voltage
(usually specified as 10V) for MOSFETs.

IDSS and [DION] are the saturation-region
(large V135) drain currents under the same

tumed—on gate drive conditions. VP is the
pinch—off voltage (JFETs), VT is the turn-

on gate threshold voltage (MOSFETs), and

INTRODUCTION

3.05 Manufacturing spread of FET characteristics

the BVS are breakdown voltages. As you
can see, a JFET with grounded source may
be a good current source, but you can't
predict very well what the current will
be. Likewise, the VGS needed to produce
some value of drain current can vary

considerably. in contrast to the predictable
(£0.61!) VBE of bipolar transistors.

Matching of characteristics

As you can see, FETs are inferior to bipo-

lar transistors in VGS predictability, i.e,,
they have a large spread in the V35 re—

quired to produce a given ID. Devices
with a large process spread will, in gen—
eral, have larger offset (voltage unbalance)

when used as differential pairs. For in-
stance, typical run-of—the-mill bipolar tran-
sistors might show a spread in VBE of
50mV or so, at some collector current,
for a selection of off-the-shelf transistors.

The comparable figure for MOSFETS is
more like 1 volt! Because FETs have some

very desirable characteristics otherwise, it
is worthwhile putting in some extra effort

to reduce these offsets in specially manu-
factured matched pairs. IC designers use
techniques like interdigitation (two devices
sharing the same general piece of IC real

estate) and thermal-gradient cancellation
schemes to improve performance (Fig.
3.15).

The results are impressive. Although
FET devices still cannot equal bipolar tran-
sistors in VGS matching, their performance
is adequate for most applications. For ex-
ample, the best available matched FET has

a voltage offset of 0,5mV and tempco of

5p,V/°C (max), whereas the best bipolar
pair has values of 25nV and 0.6uV/°C
(max), roughly 10 times better. Opera—
tional amplifiers (the universal high—gain

differential amplifiers we'll see in the next

chapter) are available in both flavors; you
would generally choose one with bipolar

innards for high precision (because of its
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Inn i n

FET1

FET 2 
A. interdigitation

FET

heat flow

B. temperature-gradient cancellation

Figure 3.15

close input-transistor VBE matching),
whereas a FET-input op-amp is the ob-
vious choice for high-impedance applica-

tions (because its inputs - FET gates -

draw no current). For example, the inex-
pensive JFET-input LF41 1 that we will use

as our all-around op-amp in the next chap-
ter has a typical input current of SOpA and
costs $0.60; the popular MOSFET—input
TLC272 costs about the same and has a

typical input current of only lpA! Com-
pare this with a common bipolar op-amp,
the aA741, with typical input current of
80,000pA (80nA).

Tables 3.1—3.3 list a selection of typi-
cal JFETs (both single and dual) and
small-signal MOSFETS. Power MOSFETS,
which we will discuss in Section 3.14, are
listed in Table 3.5.

BASIC FET CIRCUITS

Now we're ready to look at FET circuits.

You can usually find a way to convert
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a circuit that uses BJTs into one using
FETs. However, the new circuit may not

be an improvement! For the remainder

of the chapter we'd like to illustrate cir-
cuit situations that take advantage of
the unique properties of FETs, i.e., cir-
cuits that work better with FETs, or that

you can‘t build at all with bipolar transis—
tors. For this purpose it may be helpful
to group FET applications into catego-
ries; here are the most important, as we
see it:

High-impedance/low-current. Buffers or

amplifiers for applications where the base

current and finite input impedance of BJTs
limit performance. Although you can
build such circuits with discrete FETs,

current practice favors using integrated
circuits built with FETs. Some of these

use FETs as a high—impedance front—end

for an otherwise bipolar design, whereas
others use FETs throughout.

Analog switches. MOSFETs are excellent
voltage—controlled analog switches, as we
hinted in Section 3.01. We‘ll look briefly
at this subject. Once again, you should
generally use dedicated "analog switch"
ICs, rather than building discrete circuits.

Digital logic. MOSFETs dominate micro-
processors, mem01y, and most high-

performance digital logic. They are used
exclusively in micropower logic. Here,
too, MOSFETs make their appearance in
integrated circuits. We‘ll see why FETs are

preferable to BJTs.

Power switching. Power MOSFETs are of—
ten preferable to ordinary bipolar power
transistors for switching loads, as we sug-
gested in our first circuit of the chapter.
For this application you use discrete power
FETs.

Variable resistors; current sources. in the

"linear" region of the drain curves, FETs

behave like voltage-controlled resistors; in
the "saturation" region they are voltage-

controllcd current sources. You can exploit
this intrinsic behavior of FETs in your
circuits.
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TABLE 3.1. JFETs

'oss Vcsrom VP
_ _ chm cm-

BVGSS mIn max mIn max max max
Type (V) (mA) lmAl (V) (V) (PF) (PF) Comments

n-channel 5
2N4117A- 40 0.03 0.09 0.6 1.8 3 1' .
2N4119A 40 0.24 0.6 2 6 4 1 5 '°"" 'eakage' ”A (max)

2N4338 50 0.2 016 0.3 1 6 2 0.5tANHz@ 100Hz

2N4416 30 5 15 2.5 6 4 0.8 VHF low noise: <2dB@1UOMHz

2N4867A- 40 0.4 1.2 0.7 2 25 5 low freq, low noise:
2N4869A 40 2.5 7.5 1.8 5 25 5 ionVNHzimaxlceior-Iz

2N5265- 60 0.5 1 - 3 7 2 series of 6, tight les spec;
2N527O 60 7 14 — 8 7 2 2N5358—64 p-chan complement

2N5432 25 150 - 4 1O 30 15 switch: RON=SQ(max)

2N5457- 25 1 5 0.5 6 7 3 general purpose;
2N5459 25 4 16 2 8 7 3 2N5460-2 p-chan complement

2N5484— 25 1 5 0.3 3 5 1 . , . .
2N5486 25 8 20 2 6 5 1 low norse RF, Inexpensrve

2$K117 50 0.6 14 0.2 1.5 13' 3t ultra low noise: 1nV/\/Hz

25K147 40 5 30 0.3 1.2 75' 15' ultra low noise: n.7nVNHz

p-channel

2N5114 30 30 90 5 10 25 7 switch: HON=75_Q(n-|ax)

2N5358- 40 0.5 1 0.5 3 6 2 series of 7, tight 'Dss spec;
2N5364 40 9 18 2.5 8 6 2 2N5265-70 n-chan complement

2N5460- 40 1 5 0.75 6 7 2 general purpose;
2N5462 40 4 16 1.8 9 7 2 2N5457-9 n-chan complement

ZSJ72 25 5 30 0.3 2 185t 55' ultra low noise: 0.7nV/1Hz

l” typical 

Generalized replacement for bipolar tran-
sistors. You can use FETs in oscillators,

amplifiers, voltage regulators. and radio—
frequency circuits (to name a few), where
bipolar transistors are also normally used.

FETs aren't guaranteed to make a better
circuit - sometimes they will, sometimes
they won't. You should keep them in mind
as an alternative.

Now let's look at these subjects. We'll

adopt a slightly different order, for clarity.

3.05 JFET current sources

JFETs are used as current sources within

integrated circuits (particularly op—amps),
and also sometimes in discrete designs.
The simplest JFET current source is shown

in Figure 3.16; we chose a JFET, rather
than a MOSFET, because it needs no gate

bias (it's depletion mode). From a graph of
FET drain characteristics (Fig. 3.17) you
can see that the current will be reasonably
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TABLE 3.2. SELECTED MOSFETS

 

   

0I)

E “DEM-1] —'V°-5“"’— (Vg'é'iim cm
2 max @Vos min max min max BVDs BVGs loss

Type Mfga a; (n) (V) (V) (V) (mA) (pF) (V) (V) (nA) Comments

n-channel

3$K38A To - 500 a — — 10 2.5 20 12 25

3N17O IL - 200 10 1.0 2 10 1.9 25 35 0.01
30210 SI — 45 10 0.5 2 : 0.5 30 40 0.1 low RON
$0211 81 - 45 10 0.5 2 - 0.5 30 15 10 low RON
VN1310 ST — a 10 0.5 2.4 500 5 100 20 0.1 small VMOS; D-S diode
|T1750 IL — 50 20 0.5 5 10 1.0 25 25 0.01
VN2222L SI — a 5 0.5 2.5 750 5 60 40 0.1 small VMOS; D-s diode

coasoo RC - 500' 10 1.5‘ a 1.3 0.4 15 15 0.01 equiv to 4007 array
2N3796 MO — — — -4 — 14 0.0 25 10 0.001 depletion; IDSS=1.5mA
2N4351 MO+ — 300 10 1.5 '5 a 2.5 25 35 0.01 popular

p-channel

3N163 lL — 250 20 2 5 5 0.7 40 40 0.01

VP131O ST — 25 10 1.5 3.5 250 5 100 20 0.1 small VMOS; D-S diode
IT1700 IL — 400 10 2 5 2 1.2 40 40 0.01

003600 RC 500 10 1.8‘ — 1.3 0.8 15 15 0.02 equiv to 4007 array
2N4352 MO+ — 600 10 1.5 6 2 2.5 25 35 0.01 popular
3N172 lL ' 250 20 2 5 5 1 40 40 0.2 popular

‘31 see footnotes to Table 4.1. {1} typical. 

"3

Figure 3.16

constant for VDS larger than a couple of

volts. However, because of I335 spread,
the current is unpredictable. For example,

the 2N5484 (a typical n-channel JFET) has

a specified ID55 of 1mA to SmA. Still,
the circuit is attractive because of the sim-

plicity of a two-terminal constant—current
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device. If that appeals to you, you're in
luck. You can buy "current—regulator
diodes" that are nothing more than
JFETs With gate tied to source, sorted
according to current. They're the cur-
rent analog of a zener (voltage regulator)
diode. Here are the characteristics of the

lN5283—1N53l4 series:

Currents available 0.22mA to 4.7mA
Tolerance 10%

Temperature coefficient :i:0.4%/°C
Voltage range lV—2.5V min, 100V max
Current regulation 5Wtypical
Impedance 1M typical (for 1mA device)

We plotted I versus V for a 1N5294

(rated at 0.75mA); Figure 3.18A shows
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Figure 3.17. Measured JFET characteristic
curves. 2N5484 n-channel JFET: ID versus
VDs for various values of V03.

good constancy of current up to the break-
down voltage (140V for this particular
specimen), whereas Figure 3.18B shows
that the device.reaches full current with
somewhat less than 1.5 volts across it.
We'll show how to use these devices to

make a cute triangle-wave generator in Sec-

tion 5.13. Table 3.4 is a partial listing of
the 1N5283 series.

Source self-biasing

A variation of the previous circuit (Fig.

3.19) gives you an adjustable current

2-
5.1
I:

O
D 100 200

VIVJ
A

2

E1

0
0 1 2 3 4 5

VIW
a

Figure 3.18. 1N5 294 "current regulator diode. "

Figure 3.19

source. The self-biasing resistor R back-
biases the gate by IDR, reducing ID and

bringing the JFET closer to pinch-off. You
can calculate R from the drain curves for

the particular JFET. This circuit allows you
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TABLE 3.3. DUAL MATCHED n-CHANNEL JFETs

 

'css 'VGSIBFFJ‘ VP en cm
v05 Drift Wm=2°Vl cmnn — (10Hz) (VDG=10V)
max max max min min max max max

TYPE ("1V1 [IJW‘C] [DA] (03] (V) (V) ("VNHi'l (PF) Comments

U421 10 10 9.2 90 0.4 2 50 1.5 Siliconix

214395411 5 5 100 — 1 3 150a 1.2 gen purp, low drift

2N§955 5 25 100 ~ 1 4.5 150a 12 popular
amass 25 —- 100 1 4.5 150-“l 1 .2

2N5195 5 5 15 0.7 4 20“ 2
2N5520 5 5 100 1 no 0,? a 15‘ 5

2N5906 5 5 2 90‘ 0.6 4.5 ?0‘ 1.5 low gate leakage
2N591 1. 10 20 too — 1 5 20‘ 1.2 low noise at high freq
2N6433 5 5 100 100 0.7 4 [0 3.5 low noise at low freq

NDF9405 5 5 5 120 0.5 4 30 [1.1 cascade: low QSS
2N5452 5 5 1 Do“ — 1 4.5 20" 1 .2a

25K146 20 d 1900” 0.3. 1,2 1.3 15' ultra low noise

Ia}at100Hz. WankHz. {ClaHOkHL (“lataov Matzov. mtypical.

to set the current (which must be less than

I055), as well as to make it more pre-
dictable. Furthermore, the circuit is a bet—

ter current source (higher impedance) be—

cause the source resistor provides " current—
sensing feedback" (which we‘ll learn about
in Section 4.07), and also because FETs

tend to be better current sources anyway
when the gate is back-biased (as can per-
haps be seen from the flatness of the lower

drain-current curves in Figs. 3.2 and 3.17).

Remember, though, that actual curves of
ID for some value of VGS obtained with

a real FET may differ markedly from the
values read from a set of published curves.
owing to manufacturing spread. You may
therefore want to use an adjustable source
resistor, if it is important to have a specific
current.

EXEFCISE 3.1

Use the 2N5484 measuredcurves in Figure 3.] 7
to design a J F ET current source to deliver 1 mA.
NW1 ponder flie fact that the specified IDS5 Cf
a 2N5484 is lmA (min), 5mA (max).

0080

A JFET current source, even if built
with source resistor, shows some variation

of output current with output voltage; i.e.,

it has finite output impedance. rather than
the desirable infinite Z0“. The measured

curves of Figure 3.17, for example. suggest

that over a drain voltage range of 5 to
20 volts, a 2N5484 shows a drain current

variation of 5% When operated With gate
tied to source (i.e., IDSS)- This might drop
to 2% or so if you use a source resistor.

The same trick used in Figure 2.24 can
be used with JFET current sources and

is shown in Figure 3.20. The idea (as
with BJTs) is to use a second JFET to

hold constant the drain-source voltage of
the current source. Q1 is an ordinary
JFET current source, shown in this case

With a source resistor. Q2 is a JFET of

larger 1055, connected "in series" with the

current source. It passes Ql’s (constant)
drain current through to the load, While

holding Ql’s drain at a fixed voltage —
namely the gate-source voltage that makes

Q2 operate at the same current as Q1.
Thus Q2 shields Q1 from voltage swings



TABLE 3.4. CURRENT-REGULATOR DIODESa

Impedance
(25‘!) vmin

'1: min (I :1 0.8 IF)Type imAi (Mfll (V)

1N5209 0.22 25 1.0
10152135 0.27 14 1.0
10:52:37 0.33 6.6 1.0
10152136 0.39 4.1 1.1
1015290 0.47 2.7 1.1
1st9: 0.56 1.9 1.1
1N5293 0.60 1 .4 1.2
1115294 0.75 1 .2 1.2

1015295- 002 1 .0 1.3
1105290 0.91 0.0 1.3
1015297 1.0 0.8 1.4
10152991 1.2 0.6 1.5
101.5302 1.5 0.5 1.6
1195304 1.13 0.4 1.8
1195305. 2.0 0.4 1.9.
1 N5306 2.2 0.4 2.0
1 N5300 2.7 0.3 2 .2
1015309 3.0 0.3 2.3
1 N5310 3.3 0.3 2.4
1115912 3.9 03 2.0

1 N5314 4.7 0,2 2.9

{a} all operate to 100V and 600mW, and look like
diodes in the reverse direction

at its output; since Q1 doesn't see drain
voltage variations, it just sits there and
provides constant current. If you look
back at the Wilson mirror (Fig. 2.48),
you'll see that it uses this same voltage
clamping idea.

You may recognize this JFET circuit

as the "cascode," which is normally used
to circumvent Miller effect (Section 2.19).

A JFET cascode is simpler than a BIT
cascode, however, because you don't need
a bias voltage for the gate of the upper

FET: Because it's depletion-mode, you can
simply ground the upper gate (compare
with Fig. 2.74).

EXERCISE 3.2

Explain why the upper JFET in a cascode must

have higher [055 than the lower JFEI'. It may
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Figure 3.20. Cascode JFET current sink.

help to consider a JFET cascode with no source
resistor.

It is important to realize that a good
bipolar transistor current source will give

far better predictability and stability than a
JFET current source. Furthermore, the op-

amp-assistcd currcnt sources we'll see in
the next chapter are better still. For exam-
ple, a FET current source might vary 5%
over a typical temperature range and load
voltage variation, even after being set to
the desired current by trimming the source
resistor, whereas an op—amp/transistor (or

op—amp/FET) current source is predictable
and stable to better than 0.5% without

great effort.

3.07 FET amplifiers

Source followers and common—source FET

amplifiers are analogous to the emitter fol—

lowers and common—emitter amplifiers
made with bipolar transistors that we

talked about in the last Chapter. How-
ever, the absence of do gate current makes

0081
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it possible to realize very high input im-
pedances. Such amplifiers are essential
when dealing with the high-impedance sig-
nal sources encountered in measurement

and instrumentation. For some specialized
applications you may want to build follow-
ers or amplifiers with discrete FETs; most
of the time, however, you can take advan—
tage of FET-input op-amps. In either case
it's worth knowing how they work.

With JFETs it is convenient to use the

same self-biasing scheme as with JFET
current sources (Section 3.06), with a

single gate-biasing resistor to ground (Fig.

3.21); MOSFETS require a divider from

the drain supply, or split supplies, just
as we used with BJTs. The gate-biasing

resistors can be quite large (a megohm or
more), because the gate leakage current is
measured in nanoamps.

HIM +VW

out

001 
Figure 3.21

Transconductance

The absence of gate current makes trans—
conductance (the ratio of output current
to input voltage: gm = zbut/Win} the
natural gain parameter for FETs. This

is in contrast to bipolar transistors in the

last chapter, where we at first flirted with

the idea of current gain (iout/im), then
introduced the transconductance-oriented

Ebers-Moll model: It‘s useful to think

of BJTs either way, depending on the
application.
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FET transconductance can be estimated

from the characteristic curves, either by

looking at the increase in ID from one

gate-voltage curve to the next on the family
of curves (Fig. 3.2 or 3.17), or, more

simply, from the slope of the ID—VGS
"transfer characteristics" curve (Fig. 3.14).
The transconductance depends on drain
current (we'll see how, shortly) and is, of
course,

9m(ID} = id/Uga

(Remember that lower-case letters indicate

quantities that are small-signal variations.)
From this we get the voltage gain

|
'23 h.- u.,____

(2‘D a: II
95CI :9h. """--.. a?

h
Gvoltnge _ .

= ‘gm-RD

just the same as the bipolar transistor re—
sult in Section 2.09, with load resistor R0

replaced by RD. Typically, FETs have
transconductances of a few thousand mi-

crosiemens (micromhos) at a few milli-

amps. Because gm depends on drain cur-
rent, there will be some variation of gain

(nonlinearity) over the waveform as the

drain current varies, just as we have with

grounded emitter amplifiers (where gm =

l/re, proportional to lg). Furthermore,
FETs in general have considerably lower

transconductance than bipolar transistors,
which makes them less suitable as ampli-
fiers and followers. Let's look at this a little
further.

Transconductance of FETs versus BJTs

To make our last remark quantitative, con—

sider a JFET and a BJT, each operating
at lmA. Imagine they are connected as
common source (emitter) amplifiers, with
a drain (collector) resistor of 5k to a +10

volt supply (Fig. 3.22). Let's ignore details

of biasing and concentrate on the gain.
The BJT has an T8 of 25 ohms, hence a

gm of 40 ms, for a voltage gain of —200
(which you could have calculated direct-

ly as —Rc/re). A typical JFET (e.g., a
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2N4220) has a gm of 2mS at a drain cur-

rent of lmA, giving a voltage gain of — 10.
This seems discouraging by comparison.
The low gm also produces a relatively large
Zout in a follower configuration (Fig. 3.23):
The JFET has

Zout : 1/9171

r Van

lhmfl

1

Rm - Elfin
‘—‘ 5001!

 

which in this case equals 500 ohms (inde-
pendent of signal source impedance), to be
compared with the BJT, which has

Zout :Ra/hfc +'i"e, = Rs/hfe + l/gm

equal to Rs/hfe+ 25 ohms (at 1mA). For
typical transistor betas, say hfe = 100,
and reasonable signal sources, say with
R8 < 5k, the BJT follower is an order

of magnitude stiffer (Z011; = 250 to 750).
Note, however, that for Rs > 50k the
JFET follower will be better.

To see what is happening, let‘s look back

at the expressions for PET drain current
versus gate—source voltage and compare

with the equivalent expression (Ebers—
Moll) for BJT collector current versus base-

emitter voltage.

BJT: The Ebers-Moll equation.

10 = IS{BXP(VBE/VT)_1ls

with VT = kT/q = 25 mV

predicts gm 2 dIc/dVBE = Ig/VT
for collector currents large compared with

"leakage" current 15. This is our familiar

result re(ohms) = 25 / Ic(mA), since gm =

1 he.
FET: In the "subthreshold" region of

very low drain current,

In 0: exp(VGS)

which, being exponential like Ebers-Moll,

also gives a transconductance proportional

0» V5;

R“... z (I. r 3;) nma 50!? 
L Figure 3.23. Follower output
- impedance.
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to current. However, for real-world val-

ues of k (which is determined by FET ge-

ometry, carrier mobility, etc.) the FET’s
transconductance is somewhat lower than

the BJT’s, about I/40mV for p-channel
MOSFETs and I/60mV for n—channel
MOSFETs, as compared with I/25mV for
BJTS. As the current is increased, the
FET enters the normal "saturation" re-

gion, where

ID = ICU/Gs - VT12

which gives gm = 2(kID)1/3. That is,
the transconductance increases only as the

square root of ID and is well below the

transconductance of a bipolar transistor
at the same operating current; see Fig-

ure 3.24. Increasing the constant k in
our preceding equations (by raising the
width/length ratio of the channel) increases
the transconductance (and the drain cur-

rent, for a given VGS) in the region above
threshold, but the transconductance still

remains less than that of a bipolar tran—
sistor at the same current.

1
 
 

 
 

 

bh 5h Id rmtmmhmI re 0'

in region 10 k =100k=10

bipolar 1
transistor

gm = NV,

PMDS

0.1 MA 10 IUD 1mA 10 100

Figure 3.24. Comparison of 9m for bipolar
transistors and FETS.

EXERCISE 3.3

Derive the foregoing expressions for gm by
differentiating Iout with respect to Vin.

The problem of low voltage gain in

FET amplifiers can be circumvented by
resorting to a current—source (active) load,
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but once again the bipolar transistor will
be better in the same circuit. For this

reason you seldom see FETs used as simple
amplifiers, unless it‘s important to take

advantage of their unique input properties
(extremely high input resistance and low
input current).

Note that FET transconductance in the

saturation region is proportional to VGS —

VT; thus, for example, a JFET with gate

operated halfway to pinch-off has a trans-
conductance approximately half that
shown on the data sheet (where it is always

given for ID = IDSS, i.e., VGS = 0).

Differential amplifiers

Matched FETs can be used to construct

high-input-impedance front-end stages for

bipolar differential amplifiers, as well as
the important op-amps and comparators
we'll meet in the next chapter. As we men—
tioned earlier, the substantial VGS offsets

of FETs will generally result in larger input

voltage offsets and offset drifts than with a
comparable amplifier constructed entirely

with bipolar transistors, but of course the
input impedance will be raised enormously.

Oscillators

In general, FETs have characteristics that

make them useful substitutes for bipolar
transistors in almost any circuit that can
benefit from their uniquely high input im-
pedance and low bias current. A particular
instance is their use in high-stability LC
and crystal oscillators; we‘ll show examples
in Sections 5.18, 5.19, and 13.11.

Active load

Just as with BJT amplifiers, it is possible
to replace the drain—load resistor in a FET

amplifier with an active load, i.e., a current



source. The voltage gain you get that way

can be very large:

GV = ‘9mRD

(with a drain resistor as load)

GV = _9mR0

(with a current source as load)

where R0 is the impedance looking into the
drain (called “9033”), typically in the range
of 100k to 1M.

One possibility for an active load is
a current mirror as the drain load for a

differential FET pair (see Section 2.18); the
circuit is not bias-stable. however. without
overall feedback. The current mirror can
be constructed with either FETs or BJTs.

This configuration is often used in FET op-

amps, as we‘ll see in the next chapter. You
will see another nice example of the active

load technique in Section 3.14 when we

discuss the CMOS linear amplifier.

3.08 Source followers

Because of the relatively low transconduc-
tance of FETs, it's often better to use a

FET "source follower" (analogous to an

emitter follower) as an input buffer to a
conventional BJT amplifier, rather than
trying to make a common-source FET am-

plifier directly. You still get the high in-
put impedance and zero dc input current
of the FET, and the BJT’s large transcon—
ductance lets you achieve high single—stage
gain. Furthermore. discrete FETs (i.e.,
those that are not part of an integrated
circuit) tend to have higher interelectrode
capacitance than BJTs, leading to greater
Miller effect (Section 2.19) in common-

source amplifiers; the source follower con-

figuration, like the emitter follower, has no
Miller effect.

FET followers, with their high input im—

pedance, are commonly used as input
stages in oscilloscopes as well as other mea—

suring instruments. There are many ap—

plications in which the signal source

BASIC FET CIRCUITS
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impedance is intrinsically high, e.g., ca-

pacitor microphones, pH probes, charged-
particle detectors, or microelectrode sig-
nals in biology and medicine. In these
cases a FET input stage (whether discrete
or part of an integrated circuit) is a good
solution. Within circuits there are situa—

tions where the following stage must draw
little or no current. Common examples
are analog "sample-and-hold" and "peak
detector" circuits, in which the level is

stored on a capacitor and will "droop"
if the next amplifier draws significant
input current. In all these applications

the negligible input current of a FET
is more important than its low transcon—

ductance. making source followers (or
even common-source amplifiers) attrac-

tive alternatives to the bipolar emitter
follower.

+Voa

HL

Figure 3.25

Figure 3.25 shows the simplest source
follower. We can figure out the output

amplitude, as we did for the emitter fol-
lower in Section 2.1], using the transcon-
ductance. We have

since i9 is negligible; but

1Id = 9muga = .9ng _ Us)
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For RL >> l/gm it is a good follower
(v, 2 119), with gain approaching, but
always less than, unity.

Output impedance

The preceding equation for V, is precisely

what you would predict if the source
follower's output impedance were equal

to l/gm (try the calculation, assuming

a source voltage of 119 in series with
l/gm driving a load of RL). This is
exactly analogous to the emitter follower

situation, where the output impedance was

“re = 25/10, or l/gm. It can be easily
shown explicitly that a source follower has

output impedance 1/9m by figuring the
source current for a signal applied to the

output with grounded gate (Fig. 3.26). The
drain current is

id : gmvgs = 9m"-I
SO

Tout : “/id =-1/9m

typically a few hundred ohms at currents
of a few milliamps. As you can see, FET
source followers aren't nearly as stiff as
emitter followers.

1r Van

L‘I
\ I

n..r

1

Figure 3.26

There are two drawbacks to this circuit:

1. The relatively high output impedance
means that the output swing may be signif-

icantly less than the input swing, even with
high load impedance, because R1, alone

fonns a divider with the source's output
impedance. Furthermore, because the
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drain current is Changing over the signal
waveform, 9m and therefore the output
impedance will vary, producing some non—
linearity (distortion) at the output. The sit-
uation is improved if FETs of high
transconductance are used, of course, but a

combination FET—bipolar follower is often
a better solution.

2. Because the VGS needed to produce
a certain operating current is a poorly

controlled parameter in FET manufacture,
a source follower has an unpredictable dc

offset, a serious drawback for dc-coupled
circuits.

Active load

The addition of a few components im-
proves the source follower enormously.

Let's take it in stages:

or (better)

15ml

— Vss
A B

 
Figure 3.27

First, replace RL with a (pull-down)
current source (Fig. 3.27). The constant

source current makes VGS approximately
constant, thus reducing nonlinearities.
You can think of this as the previous case
with infinite RL, which is what a current

source is. The circuit on the right has

the advantage of providing low output imp-

edance, while still providing a(r0ughly)con-

stant source current of VBE/RB. We still
have the problem of unpredictable (and

therefore nonzero) offset voltage (from in—

put to output) of V05 (V05 + VBE for
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the circuit on the right). Of course, we

could simply adjust Isink to the particu—
lar value of ID55 for the given FET (in

the first circuit) or adjust R3 (in the sec—
ond). This is a poor solution. for two
reasons: (a) It requires individual adjust-
ment for each FET. (b) Even so, II) may

vary by a factor of two over the normal
operating temperature range for a given
Vgs.

A better circuit uses a matched FET pair

to achieve zero offset (Fig. 3.28). Q1
and Q2 are a matched pair, on a single

chip of silicon. Q2 sinks a current exactly

appropriate to the condition VGS = 0.
So, for both FETS, VGS—_ O and Q1
is therefore a follower with zero offset.

Because Q2 tracks Q1 in temperature, the
offset remains near zero independent of
temperature.

input

output

Figure 3.28

You usually see the preceding circuit
with source resistors added (Fig. 3.29). A

little thought should convince you that R1
is necessary and that R1 = R2 guarantees
that Vout = Vin if Q1 and Q2 are matched.

This circuit modification gives better ID
predictability, allows you to set the drain
current to some value less than ID35,

and gives improved linearity. since FETs

are better current sources when operated
below ID35. This follower circuit is

popular as the input stage for oscilloscope
vertical amplifiers.

For the utmost in performance you

can add circuitry to bootstrap the drain
(eliminating input capacitance) and use
a bipolar output stage for low output
impedance. That same output signal can

then be used to drive an inner "guar "
shield in order to effectively eliminate

the effects of shielded—cable capacitance,
which would otherwise be devastating for
the high source impedances that you might
see with this sort of high-impedance input

buffer amplifier.

HIM,

input

output

 
Figure 3.29

3.09 FET gate current

We said at the outset that FETs in general,
and MOSFETs in particular, have essen—
tially zero gate current. This is perhaps
the most important property of FETS, and

it was exploited in the high-impedance am-
plifiers and followers in the previous sec-
tions. It will prove essential, too, in ap-

plications to follow — most notably analog

switches and digital logic.
Of course, at some level of scrutiny we

might expect to see some gate current.

It‘s important to know about gate current,
because a naive zero-current model is

guaranteed to get you in trouble sooner or
later. In fact, finite gate current arises from

0087



136
FIELD-EFFECT TRANSISTORS

Chapter 3 

1currentin!!!
inpu   

Figure 3.30. The input current
of a FET amplifier is gate
leakage, which doubles every

 

50 0 7 50
temperature (0 C)

several mechanisms: Even in MOSFETs

the silicon dioxide gate insulation is not

perfect, leading to leakage currents in the
picoampere range. In JFETs the gate "in-
sulation" is really a back—biased diode junc—

tion, with the same impurity and junction
leakage current mechanisms as ordinary
diodes. Furthermore, JFETs (n-channel in

particular) suffer from an additional effect
known as "impact-ionization" gate current,
which can reach astounding levels. Finally,

both JFETs and MOSFETs have dynam’ C
gate current, caused by ac signals driving
the gate capacitance; this can cause Miller

effect, just as with bipolar transistors.
In most cases gate input currents are

negligible in comparison with BJT base
currents. However. there are situations

in which a FET may actually have higher
input current! Let‘s look at the numbers.

Gate leakage

The low-frequency input impedance of a
FET amplifier (or follower) is limited by

gate leakage. JFET data sheets usually
specify a breakdown voltage, BVGSS, de-
fined as the voltage from gate to channel
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100 reauc 10°C.

(source and drain connected together) at

which the gate current reaches lpA. For

smaller applied gate-channel voltages, the
gate leakage current, I035, again measured
with the source and drain connected to—

gether, is considerably smaller, dropping
quickly to the picoampere range for gate—

drain voltages well below breakdown.
With MOSFETs you must never allow the

gate insulation to break down; instead,
gate leakage is specified as some maximum
leakage current at a specified gate-channel

voltage. Integrated circuit amplifiers with

FETs (e.g., FET op-amps) use the mislead-

ing term "input bias current," 13, to spec—
ify input leakage current; it's usually in the
picoampere range.

The good news is that these leakage cur—
rents are in the picoampere range at room
temperature. The bad news is that they i11-

crease rapidly (in fact, exponentially) with

temperature, roughly doubling every 10° C.

By contrast, BJT base currents aren't leak-

age, and in fact tend to decrease slightly
with increasing temperature. The compar-

ison is shown graphically in Figure 3.30,
a plot of input current versus tempera-

ture for several IC amplifiers (op-amps).



The FET-input op-amps have the lowest

input currents at room temperature (and
below). but their input current rises rapidly
with temperature, crossing over the curves
for amplifiers with carefully designed BIT
input stages like the LMll and LTlOlZ.
These BJT op—amps, along with "premi-

um" low-input-current JFET op-amps like
the CPA! 11 and AD549, are fairly expen-
sive. However, we also included everyday

"jellybean" op—amps like the bipolar 358
and JFET LF411 in the figure to give an

idea of input currents you can expect with

inexpensive (less than a dollar) op-amps.

III JFET impact-ionization current

In addition to conventional gate leakage ef—
fects, n-channel .IFETs suffer from rather

large gate leakage currents when operated

with substantial VDS and 1D (the gate leak-
age specified on data sheets is measured
under the unrealistic conditions VDS =

ID = 0!). Figure 3.3] shows what happens.

The gate leakage current remains near the

[ass value until you reach a critical drain-
gate voltage, at which point it rises pre—
cipitously. This extra "impact—ionization"

current is proportional to drain current,
and it rises exponentially with voltage and
temperature. The onset of this current oc-
curs at drain-gate voltages of about 25% of
BVGSS» and it can reach gate currents of
a microamp or more. Obviously a “high—

impedance buffer" with a microamp of in-
put current is worthless. That‘s what you

would get if you used a 2N4868A as a fol—
lower, running lmA of drain current from
a 40 volt supply.

This extra gate leakage current afflicts

primarily n—channel JFETs, and it occurs
at higher values of drain-gate voltage.
Some cures are to (a) operate at low drain-

gate voltage. either with a low-voltage

drain supply or with a cascode, (b) use a
p-channel JFET, where the effect is much
smaller, or (c) use a MOSFET. The most
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important thing is to be aware of the effect
so that it doesn't catch you by surprise.

 
2N4863A

gate leaka QB

 1.: I"

mount-
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Figure 3.31. JFET ate leakage increases
disastrously at higher rain-gate voltages and
is proportional to drain current.

[I Dynamic gate current

Gate leakage is a dc effect. Whatever is
driving the gate must also supply an ac

current, because of gate capacitance. Con—
sider a common-source amplifier. Just

as with bipolar transistors, you can have
the simple effect of input capacitance to

ground (called C133), and you can have
the capacitance-multiplying Miller effect
(which acts on the feedback capacitance
Crag). There are two reasons why capaci—
tive effects are more serious in FETs than

in bipolar transistors: First. you use FETs
(rather than BJTs) because you want very
low input current; thus the capacitive cur-
rents loom relatively larger for the same

capacitance. Second, FETs often have

considerably larger capacitance than equiv-
alent bipolar transistors.

To appreciate the effect of capacitance,

consider a PET amplifier intended for a

signal source of 100k source impedance.
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At dc there's no problem, because the pi—
coampere currents produce only microvolt
drops across the signal source's internal
impedance. But at lMHz, say, an input

capacitance of SpF presents a shunt imped-

ance of about 30k, seriously attenuating
the signal. In fact, any amplifier is in trou-
ble with a high—impedance signal at high
frequencies, and the usual solution is to
operate at low impedance (509 is typical)

or use tuned LC circuits to resonate away
the parasitic capacitance. The point to un-
derstand is that the FET amplifier doesn't

look like a 1012 ohm load at signal frequen-c1es.

* 50V

CMOS digital logic

at am

Figure 3.32

As another example, imagine switching
a 10 amp load with a power MOSFET
(there aren't any power J FETs), in the style

of Figure 3.32. One might naively as-
sume that the gate could be driven from

a digital logic output with low current-
sourcing capability, for example the so—
called CMOS logic, which can supply out-
put current on the order of lmA with a
swing from ground to +10 volts. In fact,
such a circuit would be a disaster, since

with lmA of gate drive the 350pF feedback
capacitance of the 2N6763 would stretch

the output switching speed to a leisurely

20/15. Even worse, the dynamic gate cur-

rents agate = CdVD/dt) would force cur-
rents back into the logic device‘s output,
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possibly destroying it via a perverse effect
known as "SCR latchup” (more of which

in Chapters 8 and 9). Bipolar power tran-

sistors turn out to have comparable ca-
pacitances, and therefore comparable dy-

namic input currents; but when you
design a circuit to drive a lO-amp power
BJT, you're expecting to provide 500mA or
so of base drive (via a Darlington or what—
ever), whereas with a FET you tend

to take low input current for granted. In
this example, once again, the ultra—high-
impedance FET has lost some of its luster.

EXERCISE 3.4

Show that the Circuit of Figure 3.32 switches
in about 20us, assuming 1mA of available gate
drive.

3.10 FETs as variable resistors

Figure 3.17 showed the region of JFET
characteristic curves (drain current versus

VDS for a small family of VGS voltages),
both in the normal ("saturated") regime
and in the "linear" region of small VDS.
We showed the equivalent pair of graphs

for a MOSFET at the beginning of the

chapter (Fig. 3.2). The ID-versuS-VDS
curves are approximately straight lines for

VDS smaller than VGS — VT, and they
extend in both directions through zero,
i.e., the device can be used as a voltage-

controlled resistor for small signals of
either polarity. From our equation for ID

versus VGS in the linear region (Section

3.04) we easily find the ratio (19/2133) to
be

L _. _ _ ‘23.]R03 — 27‘ [(Vcs VT 2
The last term represents a nonlinearity,

i.e., a departure from resistive behavior

(resistance shouldn't depend on voltage).

However, for drain voltages substantially

less than the amount by which the gate
is above threshold (VDS -—r 0), the last



term becomes unimportant, and the FET
behaves approximately like a resistance:

Ros z I/[2k(VGs — VT )i

Because the device—dependent parameter It
isn't a quantity you are likely to know, it's
more useful to write RDS as

R03 2 Ro(Vc:o — Vrl/(VG ‘- VT)

where the resistance R03 at any gate

voltage VG is written in terms of the
(known) resistance R0 at some gate voltage
VGo-

EXERCISE 3.5

Derive the preceding "scaling" law.

From either formula you can see that

the conductance (= l/RDS) is propor-
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the particular FET and is roughly propor-

tional to the amount by which the gate

voltage exceeds Vp (or VT). Typically, you
might have nonlinearities of about 2% for

V05 < 0.1(VGS — VP), and perhaps 10%
nonlinean'ty for VDS a 0-25{VGS — Vp).
Matched FETs make it easy to design a

ganged variable resistor to control several
signals at once. JFETs intended for use
as variable resistors are available (Siliconix

VCR series) with resistance tolerances of

30%, specified at some VGs.

It is possible to improve the linearity,
and simultaneously the range of VDS over
which a FET behaves like a resistor, by
a simple compensation scheme. We'll
illustrate with an application.

tional to the amount by which the gate [I Linearizing trick: electronic gain control
voltage exceeds threshold. Another useful

fact is that R03 = l/gm, i.e., the channel
resistance in the linear region is the inverse
of the transconductance in the saturated

region. This is a handy thing to know,

because gm is a parameter nearly always
specified on FET data sheets.

EXERCISE 3.6

Show that RDS = l/gm by finding the trans-
conductance from the saturation drain-current
formula in Section 3.04.

Typically, the values of resistance you

can produce with FETs vary from a few
tens of ohms (as low as 0.19 for power
MOSFETS) all the way up to an open
circuit. A typical application might be

an automatic-gain-eontrol (AGC) circuit in
which the gain of an amplifier is adjusted

(via feedback) to keep the output within
the linear range. In such an AGC circuit

you must be careful to put the variable—
resistance FET at a place in the circuit
where the signal swing is small, preferably
less than 200mV or so.

The range of VDS over which the FET
behaves like a good resistor depends on

By looking at the preceding equation for

URDS, you can see that the linearity will
be nearly perfect if you can add to the
gate voltage a voltage equal to one-half the

drain-source voltage. Figure 3.33 shows

two circuits that do exactly that. In the
first, the JFET forms the lower half of a

resistive voltage divider, thus forming a
voltage-controlled attenuator (or "volume

control"). R1 and R2 improve the linearity
by adding a voltage of 0.51633 to V05, as
just discussed. The JFET shown has an

ON resistance (gate grounded) of 60 ohms
(max), giving the circuit an attenuation

range of 0 to 40dB.
The second circuit uses a MOSFET as a

variable emitter resistance in an emitter-

degenerated ac amplifier. Note the use
of a constant-de-eurrent emitter pulldown

(Wilson mirror or FET current-regulator

diode); this (a) looks like a very high im-

pedance at signal frequencies, thus letting
the variable—resistance FET set the gain

over a wide range (including Gv << 1),
and (b) provides simple biasing. By us—

ing a blocking capacitor, we've arranged
the circuit so that the FET affects only the

0091
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Figure 3.33. Variable-gain circuits.

ac (signal) gain. Without the capacitor,
the transistor biasing would vary with FET
resistance.

EXERCISE 3. 7

The VN13 has an ON resistance (VGS = +5V)
of 15 ohms (max). What is the rangeof amplifier
gain in the second circuit (assume that the
current sink looks like 1MB)? What is the low-
trequency 3dB point when the FET is biased so
that the amplifier gain is (a) 40dB or (b) 20dB?

The linearization of RDS with a resis-

tive gate divider circuit, as above, is re—
markably effective. In Figure 3.34 we‘ve

compared actual measured curves of ID
versus VDS in the linear (low-VDS) region
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for FETs with and without the linearizing
circuit. The linearizing circuit is essential
for low—distortion applications with signal
swings of more than a few millivolts.

When considering FETs for an appli-
cation requiring a gain control, e.g., an
AGC or "modulator" (in which the am—

plitude of a high-frequency signal is var-
ied at an audio rate, say), it is worth-
while to look also at "analog-multiplier"

ICS. These are high-accuracy devices with

good dynamic range that are normally used

to form the product of two voltages. One
of the voltages can be a dc control sig—
nal, setting the multiplication factor of the

device for the other input signal, i.e., the
gain. Analog multipliers exploit the gm-

versus-IC characteristic of bipolar transis—

tors [gm = IC(mA)/25 Siemens]. using
matched arrays to circumvent problems

of offsets and bias shifts. At very high

frequencies (100MHz and above). passive
"balanced mixers" (Section 13.12) are of-

ten the best devices to accomplish the same
task.

It is important to remember that a
FET in conduction at low VDS behaves

like a good resistance all the way down
to zero volts from drain to source (there

are no diode drops or the like to worry

about). We will see op-amps and digital
logic families (CMOS) that take advantage
of this nice property, giving outputs that
saturate cleanly to the power supplies.

FET SWITCHES

The two examples of FET circuits that

we gave at the beginning of the chapter

were both switches: a logic—switching ap-
plication and a linear signal—switching cir—
cuit. These are among the most important

FET applications and take advantage of
the FET’s unique characteristics: high gate

impedance and bipolarity resistive conduc-
tion clear down to zero volts. In practice
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you usually use MOSFET integrated cir-
cuits (rather than discrete transistors) in

all digital logic and linear switch appli-
cations, and it is only in power switch-

ing applications that you resort to discrete
FETs. Even so, it is essential (and fun!)

to understand the workings of these chips;

otherwise you're almost guaranteed to
fall prey to some mysterious circuit

pathology.

3.11 FET analog switches

A common use of FETs, particularly MOS-

FETs, is as analog switches. Their combi—
nation of low ON resistance (all the way to
zero volts), extremely high OFF resistance,

low leakage currents, and low capacitance

makes them ideal as voltage-controlled

switch elements for analog signals. An

ideal analog, or linear, switch behaves like

0093
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a perfect mechanical switch: In the ON
state it passes a signal through to a load
without attenuation or nonlinearity; in the

OFF state it is an open circuit. It should
have negligible capacitance to ground and

negligible coupling to the signal of the
switching level applied to the control in-
put.

signal — signalin DU!
01 47k

+15V on

0" off J:"control

Figure 3.35

Let's look at an example (Fig. 3.35). Q1
is an n-channel enhancement-mode MOS-

FET, and it is nonconducting when the gate

is grounded or negative. In that state the
drain-source resistance (ROFF) is typically

more than 10,000M, and no signal gets
through (though at high frequencies there

will be some coupling Via drain—source ca—

pacitance; more on this later). Bringing

the gate to +15 volts puts the drain—source
channel into conduction, typically 25 to
100 ohms (RON) in FETs intended for use

as analog switches. The gate signal level
is not at all critical, as long as it is suffi-

ciently more positive than the largest sig-
nal (to maintain RON low), and it could be

provided from digital logic circuitry (per—
haps using a FET or BJT to generate a full—
supply swing) or even from an op-

amp (whose :1: 13V output swing would do
nicely, since gate breakdown voltages in

MOSFETS are typically 20V or more).
Swinging the gate negative (as from an

op—amp output) doesn't hurt, and in fact

has the added advantage of allowing the

switching of analog signals of either polar-

ity, as will be described later. Note that
the FET switch is a bidirectional device;
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signals can go either way through it. Or—
dinary mechanical switches work that way,
too, so it should be easy to understand.

The circuit as shown will work for

positive signals up to about 10 volts; for

larger signals the gate drive is insufficient
to hold the FET in conduction (RON

begins to rise), and negative signals would
cause the FET to turn on with the gate

grounded (it would also forward bias the
channel-body junction; see Section 3.02).
If you want to switch signals that are of
both polarities (e.g., signals in the range

—10V to +10V), you can use the same
circuit, but with the gate driven from — 15

volts (OFF) to +15 volts (ON); the body
should then be tied to — 15 volts.

With any FET switch it is important to

provide a load resistance in the range of
lk to 100k in order to reduce capacitive
feedthrough of the input signal that would

otherwise occur during the OFF state. The
value of the load resistance is a compro—

mise: Low values reduce feedthrough, but
they begin to attenuate the input signal
because of the voltage divider formed by
RON and the load. Because RON varies
over the input signal swing (from changing

VGS), this attenuation also produces some
undesirable nonlinearity. Excessively low

load resistance appears at the switch input,
of course, loading the signal source as well.
Several possible solutions to this problem
(multiple—stage switches, RON cancella—
tion) are shown in Sections 3.12 and 4.30.
An attractive alternative is to use a second

FET switch section to connect the output

to ground when the series FET is off, thus

effectively forming an SPDT switch (more
on this in the next section).

CMOS linear switches

Frequently it is necessaly to switch sig-

nals that may go nearly to the supply volt-
ages. In that case the simple 11—channel

switch circuit just described won't work,

since the gate is not forward—biased at the



peak of the signal swing. The solution is

to use paralleled complementary MOSFET

("CMOS") switches (Fig. 3.36). The tri-
angular symbol is a digital inverter, which
we'll discuss shortly; it inverts a HIGH
input to a LOW output, and vice versa.
When the control input is high, Q1 is held
ON for signals from ground to within a few
volts of VDD (where HON starts increas-

ing dramatically). Q2 is likewise held ON
(by its grounded gate) for signals from VDD
to within a few volts of ground (where its

HON increases dramatically). Thus, sig-
nals anywhere between VDD and ground
are passed through with low series resis—

tance (Fig. 3.37). Bringing the control sig—

nal to ground turns off both FETs, pro-
viding an open circuit. The result is an

analog switch for signals between ground
and VDD. This is the basic construction

of the 4066 CMOS “transmission gate." It
is bidirectional, like the switches described

earlier; either terminal can be the input.

signal in
(out)

signal out
(in) 

Figure 3.36. CMOS analog switch.

There is a variety of integrated circuit

CMOS analog switches available, with var-
ious switch configurations (e.g., several in-

dependent sections with several poles
each). The 4066 is the classic 4000—series

CMOS "analog transmission gate," just an-

other name for an analog switch for sig-

nals between ground and a single positive

supply. The IH5040 and IH5140 series
from Intersil and Harris and the DG305

FET SWITCHES
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and DG400 series from Siliconix are very
convenient to use; they accept logic—level
(OV 2 LOW, > 2.4V 2 HIGH) control

signals, they will handle analog signals to
£15 volts (compared with only i7.5V for
the 4000 series), they come in a variety

of configurations, and they have relatively
low ON resistance (25!) for some mem-

bers of these families). Analog Devices,
Maxim, and PMl also manufacture nice

analog switches.
p-channel n channel

l 
 

  
 

parallel lresistance

Van

signal
voltage

Figure 3.37

Multiplexers

A nice application of FET analog switches
is the "multiplexer" (or MUX), a circuit

that allows you to select any of several in-

puts, as specified by a digital control signal.

The analog signal present on the selected
input will be passed through to the (sin-
gle) output. Figure 3.38 shows the basic
scheme. Each of the switches SWO through
SW3 is a CMOS analog switch. The "se—
lect logic" decodes the address and en-
ables (jargon for "turns 011") the addressed
switch only, disabling the remaining
switches. Such a multiplexer is usually

used in conjunction with digital circuitry

that generates the appropriate addrcsscs.
A typical situation might involve a data-

acquisition instrument in which a number
of analog input voltages must be sampled

in turn. converted to digital quantities, and
used as input to some computation.

Because analog switches are bidirec-
tional, an analog multiplexer such as this is
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output

 
address decoder

. An ‘1

"address" of LSB
select input MSB

Figure 3.38. Analog multiplexer.

also a "demultiplexer": A signal can be
fed into the "output" and will appear on
the selected "input." When we discuss

digital circuitry in Chapters 8 and 9, you

will see that an analog multiplexer such
as this can also be used as a "digital

multiplexer/demultiplexer,” because logic
levels are, after all, nothing but voltages
that happen to be interpreted as binary 1’s
and 0’s.

Typical of analog multiplexers are the
DG506—509 series and the IH6108 and

6116 types, 8- 0r 16-input MUX circuits

that accept logic-level address inputs and
operate with analog voltages up to
i15 volts. The 4051—4053 devices in the

CMOS digital family are analog multi-
plexers/demultiplexers with up to 8 inputs,

but with 15 volt pp maximum signal lev-

els; they have a VEE pin (and internal level
shifting) so that you can use them with
bipolarity analog signals and unipolarity
(logic—level) control signals.

Other analog switch applications

Voltage-controlled analog switches form

essential building blocks for op-amp cir-
cuits we'll see in the next chapter —
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integrators, sample—and—hold Circuits, and
peak detectors. For example, with 0p-
amps we will be able to build a "true" in-
tegrator (unlike the approximation to an

integrator we saw in Section 1.15): A con-
stant input generates a linear ramp output

(not an exponential), etc. With such an in-
tegrator you must have a method to reset
the output; a FET switch across the inte-
grating capacitor does the trick. We won't
try to describe these applications here; be-
cause op-amps form essential parts of the
circuits. they fit naturally into the next

Chapter. Great things to look forward to!

3.12 Limitations of FET switches

Speed

FET switches have ON resistances RON
of 25 to 200 ohms. In combination with

substrate and stray capacitances, this resis-
tance forms a low—pass filter that limits op—

erating speeds to frequencies of the order
of lOMHz or less (Fig. 3.39). FETS with

lower RON tend to have larger capacitance
(up to SOpF with some MUX switches),
so no gain in speed results. Much of the

roiloff is due to protection components —

current-limiting series resistance, and ca-
pacitance of shunt diodes. There are a

few “RF/video” analog switches that ob—
tain higher speeds, probably by eliminat-
ing some protection. For example, the

Rm = 300R
Input output

CW. 2 2ZDF 
f _ __'|

ital! — 2 lfimcam
Hl7508 analog multiplexer , ON values

Figure 3.39

: 24MHZ
 



IH5341 and IH5352 switches handle ana—

log signals over the usual i15 volt range
and have a bandwidth of 100MHz; the

74HC4051-53 series of "high-speed"

CMOS multiplexers also provide a 3dB
analog bandwidth of 100MHz, but handle

signals only to 3:5 volts. The MAX453—5
from Maxim combine a Video multiplexer
with an output Video amplifier, so you can

drive low-impedance cables or loads (usu-

ally 759) directly; they have 50MHZ typ-
ical bandwidth and are intended for £1

volt low-impedance video signals.

ON resistance

CMOS switches operated from a relatively

high supply voltage (15V, say) will have

low RON over the entire signal swing, be—
cause one or the other of the transmis-

sion FETs will have a forward gate bias
at least half the supply voltage. However,

when operated with lower supply voltages,
the switch's RON value will rise, the max-

imum occurring when the signal is about
halfway between the supply and ground

(or halfway between the supplies, for dual-
supply voltages). Figure 3.40 shows why.

As VDD is reduced, the FETs begin to
have significantly higher ON resistance (es—

pecially near V03 = Vila/2}, since for
enhancement—mode FETs VT is at least a

few volts, and a gate-source voltage of as

1k

  

0 5 10
signal voltage

4016 analog switch
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much as 5 to 10 volts is required to achieve
low RON. Not only will the parallel re-
sistances of the two FETs rise for signal
voltages between the supply voltage and

ground, but also the peak resistance (at
half VDD) will rise as VDD is reduced, and

for sufficiently low VDD the switch will

become an open circuit for signals near
Von/2'.

{31
,n

121

vaflqai' Want?! Vanni
signal voltage ——a

Figure 3.40

There are various tricks used by the de-

signers of analog switch ICs to keep RON
low, and approximately constant (for 10w
distortion), over the signal swing. For ex-

ample, the original 4016 analog switch
used the simple circuit of Figure 3.36, pro-
ducing RON curves that look like those in
Figure 3.41. In the improved 4066 switch

the designers added a few extra FETs so
that the n-channel body voltage follows the
signal voltage. producing the HON curves
of Figure 3.42. The "volcano" shape, with

15 Fi Iure 3.41. ON resistance for 4016
C OS switch.

0097

145



FIELD-EFFECT TRANSISTORS

146 Chapter 3

EDD

  400

100

Signal voltage

Rm. I!!!

100 IH5140 series

 
 

— 10 5 0

signal voltage

+5 +10

its depressed central RON, replaces the

"Everest" shape of the 4016. Sophisti-
cated switches like the IH5140 series (or
AD7510 series), intended for serious ana-

log applications, succeed even better,
with gentle RON curves like those shown

in Figure 3.43. The recent DG400
series from Siliconix achieves an ex-

cellent RON of 20 ohms, at the expense
of increased "charge transfer" (see the

later section on glitches); this switch
family (like the [H5140 series) has the

additional advantage of zero quiescent
current.
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4065 analog switch

Figure 3.42. ON resistance for the
. improved 4066 CMOS switch; note

15 change of scale from prev1ous
figure.

Figure 3.43. ON resistance for the
1H5 140—series bipolarity analog
switches; note vertical scale.

Capacitance

FET switches exhibit capacitance from

input to output (CD5), from channel to

ground (CD, US), from gate to channel,
and from one FET to another within one

IC package (CDD, 055); see Figure 3.44.
Let's look at the effects:

CDs: Capacitance from input to output.
Capacitance from input to output causes
signal coupling in an OFF switch, rising

at high frequencies. Figure 3.45 shows the
effect for the 1H5140 series. Note the use
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of a stiff 50 ohm load, common in radiofre-

quency circuits, but much lower than nor-
mal for low—frequency signals, where a typ—

ical load impedance is 10k or more. Even
with a 50 ohm load, the feedthrough be—
comes significant at high frequencies
(at 30MHz 1pF has a reactance of 5k,

giving —40dB of feedthrough). And,
of course, there is significant attenua-

tion (and nonlinearity) driving a 50

ohm load, since RON is typically 30 ohms
(759 worst-case). With a 10k load the

feedthrough situation is much worse, ofcourse.

out

10kl

l -
-.-._.-l______s

Figure 3.46

In——o/' ‘ out

mo§e:J-l- [:5
m" U

10k

L_,H_d__h- |

Figure 3.47

 
 :)<l:-CSE 3.8

Calculate the feedthrough into 10k at 1MHz,
assuming CD5 =1pF.

 

In most low-frequency applications ca-

pacitive feedthrough is not a problem. If
it is, the best solution is to use a pair

of cascaded switches (Fig. 3.46) or, bet-
ter still, a combination of series and shunt

switches, enabled alternately (Fig. 3.47).
The series cascade doubles the attenuation

(in decibels), at the expense of additional
RON, whereas the series-shunt circuit (ef-

fectively an SPDT configuration) reduces

feedthrough by dropping the effective load
resistance to RON when the series switch
is off.

EXERClSE 3.9

Recalculate switch feedthrough into 10k at

1MHz, assuming ODS = 1pF and RON = 50
ohms, for the configuration of Fig. 3.47.

CMOS SPDT switches with controlled

break-before-make are available commer-

cially in single packages; in fact, you can
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get a pair of SPDT switches in a single
package. Examples are the DGl88 and
IHSl42, as well as the D0191, IH5143,
and AD7512 (dual SPDT units). Because

of the availability of such convenient
CMOS switches, it is easy to use this SPDT
configuration to achieve excellent perfor—
mance. The RF/video switches mentioned

earlier use a series-shunt circuit internally.

09, CS: Capacitance to ground. Shunt

capacitance to ground leads to the high
frequency rolloff mentioned earlier. The
situation is worst with a high-impedance

signal source, but even with a stiff source
the switch's RON combines with the shunt

capacitance at the output to make a low-
pass filter. The following problem shows
how it goes.

EXERCISE 3.10

An AD7510 (here chosen for its complete ca-
pacitance specifications, shown in Fig. 3.44) is
driven by a signal source of 10k, with a load im-
pedance of 100k at the switch's output. Where
is the high-frequency —3dB point? Now repeat
the calculation, assuming a perfectly stiff signal

source, and a switch RON of 75 ohms.

Capacitance from gate to channel. Ca-
pacitance from the controlling gate to the

channel causes a different effect. namely
the coupling of nasty little transients into
your signal when the switch is turned on

or off. This subject is worth some serious
discussion, so we'll defer it to the next

section on glitches.

CDD, Css: Capacitance between
switches. If you package several switches
on a single piece of silicon the size of a

kernel of corn, it shouldn't surprise you if

there is some coupling between channels
(“cross-talk”). The culprit, of course, is
cross-channel capacitance. The effect in-

creases with frequency and with signal im-

pedance in the channel to which the signal

is coupled. Here‘s a chance to work it out
for yourself:

0100

EXEPCEE 3.11

Calculate the coupling, in decibels, between a
pairof channelswith ODD = 055 = 0.5pF(Fig.
3.44) for the source and load impedancesof the
last exercise. Assumethat the interfering signal
is 1 MHz. In each case calculate the coupling for
(a) OFF switch to OFF switch, (b) OFF switch to
ON switch, (c) ON switch to OFF switch, and (d)
ON switch to ON switch.

It should be obvious from this example

why most. broadband radiofrequency cir-
cuits use low signal impedances, usually
50 ohms. If cross-talk is a serious prob-

lem, don't put more than one signal on one
chip.

Glitches

During turn-on and turn-off transients,

FET analog switches can do nasty things.
The control signal being applied to the
gate(s) can couple capacitively to the chan—

nel(~)putting ugly transients on your sig—
nal. The situation is most serious if the

signal is at high impedance levels. Multi-

plexers can show similar behavior during
transitions of the input address, as well as
momentary connection between inputs if
turn-off delay exceeds turn-0n delay. A re-

lated bad habit is the propensity of some

switches (e.g., the 4066) to short the input
to ground momentarily during changes of
state. ,

Let's look at this problem in a bit more

detail. Figure 3.48 shows a typical wave—
form you might see at the output of an
n-channel MOSFET analog switch circuit

similar to Figure 3.35, with an input

1 i—drive

OUIDUT

Figure 3.48



signal level of zero volts and an output load
consisting of 10k in parallel with ZOpF, re—

alistic values for an analog switch circuit.
The handsome transients are caused by
charge transferred to the channel, through
the gate-channel capacitance, at the tran-

sitions of the gate. The gate makes a sud-

den step from one supply voltage to the
other, in this case between iIS volt sup-
plies, transferring a slug of charge

Q = CGC[Vg(finish) _ VG(start)]

CGC is the gate-channel capacitance,

typically around SpF. Note that the amount

of charge transferred to the channel de-
pends only on the total voltage change at
the gate, not on its rise time. Slowing

down the gate signal gives rise to a smaller-
amplitude glitch of longer duration, with

the same total area under its graph. Low-
pass filtering of the switch‘s output signal
has the same effect. Such measures may

help if the peak amplitude of the glitch
must be kept small, but in general they are
ineffective in eliminating gate feedthrough.
In some cases the gate-channel capacitance

may be predictable enough for you to
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cancel the spikes by coupling an inverted
version of the gate signal through a small

adjustable capacitor.
The gate-channel capacitance is distri-

buted over the length of the channel, which

means that some of the charge is coupled
back to the switch‘s input. As a result, the
size of the output glitch depends on the
signal source impedance and is smallest
when the switch is driven by a voltage

source. Of course, reducing the size of
the load impedance will reduce the size of
the glitch, but this also loads the source

and introduces error and nonlinearity due

to finite RON. Finally, all other things

being equal, a switch with smaller gate-
channel capacitance will introduce smaller
switching transients, although you pay a

price in the form of increased RON.
Figure 3.49 shows an interesting com—

parison of gate-induced charge transfers

for three kinds of analog switches, includ-
ing JFETS. In all cases the gate signal
is making a full swing, i.e., either 30
volts or the indicated supply voltage for

MOSFETS, and a swing from —15 volts
to the signal level for the n—channel JFET

switch. The JFET switch shows a strong

Figure 3.49. Charge
transfer for various

FET linear switches
 

+ 15 as a function of Signal
voltage.
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circuit

dependence of glitch size on signal, be-
cause the gate swing is proportional to the
level of the signal above — 15 volts. Well-

balanced CMOS switches have relatively

low feedthrough because the charge contri—
butions of the complementary MOSFETs
tend to cancel out (one gate is rising while
the other is falling). Just to give scale to
these figures, it should be pointed out that
30pC corresponds to a 3mV step across a

0.01 p.13 capacitor. That's a rather large fil-
ter capacitor, and you can see that this is a

real problem, since a 3mV glitch is pretty

large when dealing with low-level analog
signals.

Latchup and input current

All CMOS integrated circuits have some
form of input protection circuit, because

otherwise the gate insulation is easily de-
stroyed (see the later section on handling
precautions). The usual protection net—

work is shown in Figure 3.50: Although it

may use distributed diodes, the network is
equivalent to clamping diodes to V55 and
to VDD, combined with resistive current

limiting. If you drive the inputs (or out-

puts) more than a diode drop beyond the

supply voltages, the diode clamps go into
conduction, making the inputs (or outputs)
look like a low impedance to the respec-
tive supplies. Worse still, the chip can
be driven into "SCR latchup," a terrifying
(and destructive) condition we‘ll describe
in more detail in Section 14.16. For now,

all you need to know about it is that you
don't want it! SCR latchup is triggered

0102

+ Vnu

output

Figure 3.50. CMOS
input/output protection
networks. The series

resistor at the output is
often omitted.

by input currents (through the protection
network) of roughly ZOmA or more. Thus,

you must be careful not to drive the analog

inputs beyond the rails. This means, for

instance, that you must be sure the power
supply voltages are applied before any sig-

nals that have significant drive current ca-

pability. Incidentally, this prohibition goes

for Digital CMOS ICs as well as the analog
switches we have been discussing.

The trouble with diode-resistor protec-

tion networks is that they compromise
switch performance, by increasing RON,
shunt capacitance, and leakage. With
clever chip design (making use of "dielec-

tric isolation") it is possible to eliminate
SCR latchup without the serious perfor-

mance compromises inherent in traditional
protection networks. Many of the newer

analog switch designs are " fault protected" ;
for example, Intersil‘s IH5108 and IH5116
analog multiplexers claim you can drive
the analog inputs to i25 volts, even with

the supply at zero (you pay for this robust-
ness with an RON that is four times higher
than that of the conventional IH6108/16).

Watch out, though, because there are plen-
ty of analog switch ICs around that are
not forgiving!

You can get analog switches and multi-
plexers built with n-channel JFETs rather
than complementary MOSFETs. They
perform quite well, improving on CMOS

switches in several characteristics. In par—
ticular, the series of JFET switches from

PMI has superior constancy of RON ver—

sus analog voltage, complete absence of



latchup, and low susceptibility to electro-
static damage.

Other switch limitations

Some additional characteristics of analog
switches that may or may not be impor-
tant in any given application are switch-

ing time, settling time, break-before-

make delay, channel leakage current
(both ON and OFF; see Section 4.15),

RON matching, tcmpcraturc cocfficicnt
of RON, and signal and power supply
ranges. We'll show unusual restraint

by ending the discussion at this point,

leaving the reader to look into these de-

tails if the circuit application demands
it.

3.13 Some FET analog switch examples

As we indicated earlier, many of the nat-
ural applications of FET analog switches
are in op-amp circuits, which we will treat

in the next Chapter. In this section we
will show a fcw switch applications that

do not require op-amps, to give a feeling
for the sorts of circuits you can use them
In.

Switchable RC low-pass filter

Figure 3.5] shows how you could make a
simple RC low-pass filter with selectable

3dB points. We've used a multiplexer to
select one of four preset resistors, via a
2-bit (digital) address. We chose to put

the switch at the input, rather than after

the rcsistors, bccausc thcrc is lcss charge
injection at a point of lower signal imped-

ance. Another possibility, of course, is to

use FET switches to select the capacitor.

To generate a very wide range of time con-
stants you might have to do that, but the
switch's finite RON would limit attenua-

tion at high frequencies, to a maximum

of RON/Rseries. We've also indicated a
unity-gain buffer, following the filter, since
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the output impedance is high. You'll see
how to make "perfect" followers (precise

gain, high Zin, low Zout, and no VBE off—
sets, etc.) in the next chapter. Of course,
if the amplifier that follows the filter has
high input impedance, you don‘t need the
buffer.

4-input MUX

input

2-bit
address
 

Figure 3.51

Figure 3.52 shows a simple variation in

which we've used four independent
switches, rather than a 4-input multiplexer.

With the resistors scaled as shown, you can
generate l6 equally spaced 3dB frequen-
cies by turning on binary combinations of
the switches.

input

 
rollolf freq uency

select

Figure 3.52. RC law-pass filter with choice of
15 equally spaced time constants.

EXERCBE 112

What are the 3dB points for this circuit?
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Switchable gain amplifier

Figure 3.53 shows how you can apply the

same idea of switching resistors to pro—
duce an amplifier of selectable gain. Al-
though this idea is a natural for op-amps,
we can use it with the emitter-degenerated
amplifier. We used a constant-current sink
as emitter load, as in an earlier exam-

ple, to permit gains much less than unity.
We then used the multiplexer to sel-
ect one of four emitter resistors. Note

the blocking capacitor. needed to keep
the quiescent current independent of
gain.

0104

Figure 3.53. An analog multi-
plexer selects appropriate
emitter degeneration resistors
to achieve decade-switchable

gain.

select for G: 100
(RON 'r r, + H = 10011!

buifer

f
output

Figure 3.54. Sample-and-hold.

Sample-and-hold

Figure 3.54 shows how to make a “sample-

and—hold" circuit, which comes in handy
when you want to convert an analog signal

to a stream of digital quantities ("analog-
to-digital conversion") - you've got to
hold each analog level steady while you

figure out how big it is. The circuit is

simple: A unity-gain input buffer generates
a low-impedance copy of the input signal,

forcing it across a small capacitor. To

hold the analog level at any moment, you
simply open the switch. The high input

impedance of the second buffer (which



should have FET input transistors, to keep
input current near zero) prevents loading

of the capacitor, so it holds its voltage until

the FET switch is again closed.

EXERCISE 3.13

The inputbuffer mustsupplycurrent to keepthe
capacitor following a varying signal. Calculate
the buffer's peak output current when the circuit
is driven by an input sine wave of 1 volt

amplitude at 10kHz.

Flying-capacitor voltage converter

Here's a nice way (Fig. 3.55) to generate a

needed negative power-supply voltage in a

circuit that is powered by a single positive

supply. The pair of FET switches on the
left connects C1 across the positive supply,
charging it to Vin, while the switches on

the right are kept open. Then the input

switches are opened, and the switches on
the right are closed, connecting charged

01 across the output, transferring some
of its charge onto Cg. The switches
are diabolically arranged so that 01 gets
turned upside down, generating a negative

output! This particular circuit is available
as the 7662 voltage converter chip, which
we'll talk about in Sections 6.22 and
14.07. The device labeled "inverter" turns

a HIGH voltage into a LOW voltage, and
vice versa. Well show you how to make
one in the next section (and we'll really

:Vh—o/
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get you up to speed on them in Chapters
8—11!).

3.14 MOSFET logic and power switches

The other kinds of FET switch applications
are logic and power switching circuits. The

distinction is simple: In analog signal
switching you use a FET as a series switch,
passing or blocking a signal that has some

range of analog voltage. The analog signal

is usually a low-level signal, at insignificant
power levels. In logic switching, on the

other hand, MOSFET switches open and

close to generate full swings between the
power supply voltages. The "signals" here
are really digital, rather than analog—they

swing between the power supply voltages,
representing the two states HIGH and
DOW. In—between voltages are not useful

or desirable; in fact, they‘re not even
legal! Finally, "power switching" refers to
turning on or off the power to a load such

as a lamp, relay coil, or motor winding;
in these applications, both voltages and

currents tend to be large. We'll take logic

switching first.

Logic switching

Figure 3.56 shows the simplest kind of
logic switching with MOSFETS: Both

circuits use a resistor as load and perform
the logical function of inversion — a HIGH

_ Figure 3.55. Flying-capacitor voltage
inverter.

0105
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*VDD

_‘

A. B

Fi gur e 3.56. NMOS and PMOS logic inverters.

input generates a LOW output, and vice
versa. The n—channel version pulls the out—

put to ground when the gate goes HIGH,
whereas the p-channel version pulls the

resistor HIGH for grounded (LOW) in-
put. Note that the MOSFETS in these cir-
cuits are used as common-source invert-

ers, rather than as source followers. In

digital logic circuits like these we are usu-

ally interested in the output voltage ("logic
level") produced by a certain input volt-

age; the resistor serves merely as a passive

drain load, to make the output swing to the

drain supply when the FET is off. If, on
the other hand, we replace the resistor by
a light bulb, relay, printhead hammer, or
some other hefty load, we've got a power-
switching application (Fig. 3.3). Although

we're using the same "inverter" circuit, in
the power switching application we're in-
terested instead in turning the load on and
off.

CMOS inverter

The NMOS and PMOS inverters of the

preceding circuits have the disadvantage
of drawing cun‘ent in the ON state and
having relatively high output impedance in

the OFF state. You can reduce the output

impedance (by reducing R), but only at
the expense of increased dissipation, and

vice versa. Except for current sources,
of course, it's never a good idea to have

high output impedance. Even if the in-
tended load is high impedance (another

0106

MOSFET gate, for example), you are invit-
ing capacitive noise pickup problems, and
you will suffer reduced switching speeds

for the ON—to-OFF ("trailing") edge (be-

cause of stray loading capacitance). In this
case, for example, the NMOS inverter with

a compromise value of drain resistor, say
10k, would produce the waveform shown
in Figure 3.57.

+10V

  
 

 

T a...» =- 20m:I
II

._.L..

rm - 200m noise pickup 
rm ‘ Zn: {Racyuurl “laur- 5 10".
mm Caluaul Stlfl

mm“ =- 100111

Fl gure 3.57

The situation is reminiscent of the

single—ended emitter follower in Section
2.15, in which quiescent power dissipation

and power delivered to the load were in—
volved in a similar compromise. The so-
lution there - the push—pull configuration

- is particularly well suited to MOSFET
switching. Look at Figure 3.58, which you

might think of as a push—pull switch: In-

put grounded cuts off the bottom transis-

tor and turns on the top transistor, pulling
the output HIGH. A HIGH input H'VDD’

does the reverse, pulling the output to
ground. It's an inverter with low output



'H/DD

input output

Figure 3.58. CMOS logic inverter.

impedance in both states, and no quiescent
current whatsoever. It's called a CMOS

(complementary MOS) inverter, and it is

the basic structure of all digital CMOS

logic, the logic family that has become

dominant in large-scale integrated circuits
(LSI), and seems destined to replace ear-

lier logic families (with names like "TTL")
based on bipolar transistors. Note that
the CMOS inverter is two complementary
MOSFET switches in series, alternately
enabled, while the CMOS analog switch

(treated earlier in the chapter) is two c0111-

plementary MOSFET switches in parallel,
enabled simultaneously.

EXERUSE 314

The complementary MOS transistors in the
CMOS inverter are both operating as common-
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source inverters, whereas the complementary
bipolar transistors in the push-pull circuits of
Section 2.15 are (non—inverting) emitter follow-
ers. Try drawing a "complementary BJT in-
verter," analogousto the CMOS inverter. Why
won't it work?

We'll be seeing much more of digital
CMOS in the chapters on digital logic and

microprocessors (Chapters 8-11). For now,
it should be evident that CMOS is a low

power logic family (with zero quiescent

power) with high—impedance inputs, and
with stiff outputs that swing the full supply

range. Before leaving the subject, however,
we can‘t resist the temptation to show you

one additional CMOS circuit (Fig. 3.59).
This is a logic NAND gate, whose output

goes LOW only if input A AND input B are

both HIGH. The operation is surprisingly

easy to understand: if A and B are both
HIGH, series NMOS switches Q1 and Q2

are both ON, pulling the output stiffly

to ground; PMOS switches Q3 and Q4
cooperate by being OFF; thus, no current
flows. However, if either A or B (or both) is

LOW, the corresponding PMOS transistor
is ON, pulling the output HIGH; since one
(or both) of the series chain Q1622 is OFF,
no current flows.

This is called a "NAND" gate because
it performs the logical AND function, but

ka

Figure 3.59. CMOS
NAND gate, AND gate.
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with inverted ("NOT") output - it's a

NOT-AND, abbreviated NAND. Although
gates and their variants are properly a

subject for Chapter 8, you will enjoy trying
your hand at the following problems.

EXERCISE 3.15

Draw a CMOS AND gate. Hint: AND = NOT-
NAND.

EXERCISE 3.16

Now draw a NOR gate: The output is LOW if
either A OR B (or both) is HIGH.

EXERCISE 3.17

You guessed it —draw a CMOS OR gate.

EXERCISE 318

Draw a 3-input CMOS NAND gate.

The CMOS digital logic we'll be see-

ing later is constructed from combinations
of these basic gates. The combination of

very low power dissipation and stiff rail-
to—rail output swing makes CMOS logic

the family of choice for most digital cir-
cuits. accounting for its popularity. Fur-

thermore, for micropower circuits (such

as wristwatches and small battery-powered
instruments) it's the only game in town.

Lest we leave the wrong impression.
however, it‘s worth noting that CMOS

logic is not zero—power. There are two

mechanisms of current drain: During tran-
sitions, a CMOS output must supply a

transient current I = CdV/dt to charge
any capacitance it sees (Fig. 3.60). You get

load capacitance both from wiring ("stray"
capacitance) and from the input capaci-
tance of additional logic that you are driv-

ing. In fact, because a complicated CMOS

chip contains many internal gates, each

driving some on-chip internal capacitance,
there is some current drain in any CMOS
circuit that is making transitions, even if

transitions take place. The second mecha-
nism of CMOS current drain is shown in

Figure 3.61: As the input jumps between
the supply voltage and ground, there is a

region where both MOSFETs are conduct-
ing, resulting in large current spikes from

Van to ground. This is sometimes called
"class-A current" or "power supply crow-
barring." You will see some consequences
of this in Chapters 8, 9, and 14. As long
as we're dumping on CMOS, we should

mention that an additional disadvantage
of CMOS (and, in fact, of all MOSFETs)

is its vulnerability to damage from static
electricity. We'll have more to say about
this in Section 3.15.

Figure 3.60. Capacitive charging current.

"IL VD!)

01

 

 
Figure 3.61. Class-A CMOS conduction.

the chip is not driving any external load. I:I CMOS linear amplifier
Not surprisingly, this "dynamic" current
drain is proportional to the rate at which

0108

CMOS inverters — and indeed all CMOS

digital logic circuits — are intended to be



used with digital signal levels. Except dur-
ing transitions between states, therefore,

the inputs and outputs are close to ground

or VDD (usually +5V). And except during
those transitions (with typical durations of
a few nanoseconds), there is no quiescent
current drain.

The CMOS inverter turns out to have

some interesting properties when used with
analog signals. Look again at Figure 3.61.

You can think of Q1 as an active (current-

source) load for inverting amplifier Q2,
and vice versa. When the input is near
VDD or ground, the currents are grossly

mismatched. and the amplifier is in satu-

ration (or "clipping") at ground or VDD,
respectively. This is, of course, the nor-

mal situation with digital signals. How-
ever, when the input is near half the sup-
ply voltage, there is a small region where

the drain currents of Q1 and Q2 are nearly
equal: in this region the circuit is an in-
verting linear amplifier with high gain. Its

transfer characteristic is shown in Figure
3.62. The variation of Rload and gm with

drain current is such that the highest volt-
age gain occurs for relatively low drain

currents, i.e., at low supply voltages (say
5V).

This circuit is not a good amplifier; it
has the disadvantage of very high output

impedance (particularly when operated at
low voltage). poor linearity, and unpre-
dictable gain. However. it is simple and
inexpensive (CMOS inverters are available
6 to a package for under half a dollar),

and it is sometimes used to amplify small
input signals whose waveforms aren't im-
portant. Some examples are proximity

switches (which amplify 60Hz capacitive

pickup), crystal oscillators, and frequency-
sensing input devices whose output is a
frequency that goes to a frequency counter

(see Chapter 15).
To use a CMOS inverter as a linear

amplifier, it's necessary to bias the input
so that the amplifier is in its active re—

gion. The usual method is with a large—
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Figure 3.62

value resistor from output to input (which

we'll recognize as "dc feedback" in the
next chapter). as shown in Figure 3.63.

That puts us at the point Vout = Vin in
Figure 3.62. As we'll learn later, such a
connection (circuit A) also acts to lower

the input impedance, through "shunt feed-
back," making circuit B desirable if a high
input impedance at signal frequencies is
important. The third circuit is the clas—
sic CMOS crystal oscillator, discussed in

Section 5.13. Figure 3.64 shows a vari-
ant of circuit A, used to generate a clean
10MHz full-swing square wave (to drive

digital logic) from an input sine wave. The

circuit works well for input amplitudes
from SOmV rms to 5 volts rms. This is a

good example of an "I don‘t know the gain,
and 1 don't care" application. Note the
input—protection network, consisting of a

current—limiting series resistor and clamp—

ing diodes.

0109
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Figure 3.63. CMOS linear amplifier circuits.
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Figure 3.64

Power switching

MOSFETs work well as saturated switches,

as we suggested with our simple circuit in
Section 3.01. Power MOSFETs are now

available from many manufacturers, mak—
ing the advantages of MOSFETs (high in-
put impedance, easy paralleling, absence
of "second breakdown") applicable to
power circuits. Generally speaking, power
MOSFETS are easier to use than conven-

tional bipolar power transistors. However,
there are some subtle effects to consider,
and cavalier substitution of MOSFETS in

switching applications can lead to prompt
disaster. We've visited the scenes of such

disasters and hope to avert their repetition.

Read on for our handy guided tour.

Power MOSFETS. FETs were feeble low-

current devices, barely able to run more

0110

74HC04'
 74HC04

than a few tens of milliamps, until the

late 19705, when the Japanese introduced
"vertical-groove" MOS transistors. Power

MOSFETs are now manufactured by all
the manufacturers of discrete semiconduc-

tors (e.g, GE, IR, Motorola, RCA, Sili-

conix, Supertcx, TI, along with European
companies like Amperex, Ferranti, Sie—
mens, and SGS, and many of the Japanese

companies), with names like VMOS,
TMOS, vertical DMOS, and HEXFET.

They can handle surprisingly high voltages

(up to lOOOV), and peak currents to 280

amps (continuous currents to 70A), with
RON as low as 0.02 ohm. Small power
MOSFETs sell for much less than a dollar,

and they're available in all the usual tran-
sistor packages, as well as multiple tran-
sistors packaged in the convenient DIP

(dual in—line package) that most integrated



 
circuits come in. Ironically, it is now
discrete low-level MOSFETs that are hard

to find, there being no shortage of power

MOSFETs. See Table 3.5 for a listing of
representative power MOSFETs.

High impedance, thermal stability. The

two important advantages of the power

MOSFET, compared with the bipolar
power transistor, are its high input imped-
ance (but watch out for high input capac—
itance, particularly with high—current de—

vices; see below) and its complete absence
of thermal runaway and second breakdown.
This latter effect is very important in power
circuits and is worth understanding: The
large junction area of a power transistor

(whether BJT or FET) can be thought of

as a large number of small junctions in

parallel (Fig. 3.65), all with the same ap-
plied voltages. In the case of a bipolar
power transistor, the positive temperature
coefficientof collector current at fixed VBE

(approximately +9W9C, see Section 2.10)
means that a local hot spot in the junc-
tion will have a higher current density,
thus producing additional heating. At suf-

ficiently high VCE and I0, this "current
hogging" can cause local thermal runaway,
known as second breakdown. As a result,

bipolar power transistors are limited to a
"safe operating area" (on a plot of collector
current versus collector voltage) smaller

than that allowed by transistor power dis-
sipation alone (we'll see more of this in

Chapter 6). The important point here is
that the negative temperature coefficient
of MOS drain current (Fig. 3.13) prevents
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C

Figure 3.65. A large-
junction-arca transistor
can be thought of as
many paralleled small—

E area transistors.

these junction hot spots entirely. MOS-
FETs have no second breakdown, and their

safe operating area (SOA) is limited only
by power dissipation (see Fig. 3.66, where

we‘ve compared the SOAS of an npn and

an NMOS power transistor of the same
Imax, Vmax, and Pdiss). For the same rea-

son, MOSFET power amplifiers don't have

the nasty runaway tendencies that we've
all grown to love in bipolar transistors (see
Section 2.15), and as an added bonus.

power MOSFETs can be paralleled with—
out the current-equalizing "emitter-

ballasting" resistors that are necessary with
bipolar transistors (see Section 6.07).

Power switching examples and cautions.

You often want to control a power MOS-

FET from the output of digital logic. Al-
though there are logic families that gen-
erate swings of 10 volts or more ("4000-

series CMOS"), the most common logic

families use levels of +5 volts ("high—speed
CMOS") or +2.4 volts ("TTL"). Figure
3.67 shows how to switch loads from these

three logic families. In the first circuit, the

+10 volt gate drive will fully turn on any
MOSFET, so we chose the VN0106, an in-

expensive transistor that specifies RON < 5

ohms at V05 = 5 volts. The diode protects
against inductive spike (Section 1.31); the
series gate resistor, though not essential, is

a good idea, because MOSFET drain-gate
capacitance can couple the load's inductive

transients back to the delicate CMOS logic
(more on this soon). In the second circuit

we have 5 volts of gate drive, still fine for

the VNOl/VPOl series; for variety we've

0111
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used a p—channel MOSFET, driving a load

returned to ground.

The last two circuits show two ways
to handle the +2.4 volt (worst—case; it's

usually around +3.5V) HIGH output from
TTL digital logic: We can use a pullup
resistor to +5 volts to generate a full

0112

+5 volt swing from the TTL output,

which then drives a normal MOSFET;

alternatively, we can use something like
the TN0106, a "low—threshold" MOSFET

designed for logic—level drive. Watch out,

though. for misleading specifications. For
example. the TNOl specifies “Vnmm =
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+5V  
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@ V55 ‘ 3V-
_ _

Figure 3.67. MOSFETs can switch power loads when driven from digital logic levels.

1.5 volts (max)," which sounds fine until

you read the fine print ("at ID = lmA”).
It takes considerably more gate voltage

than V530,” to turn the MOSFET on
fully (Fig. 3.68). However, the circuit will

probably work OK, because (a) a HIGH
TTL output is rarely less than +3 volts,

and typically more like +3.5 volts, and (b)

the TNOl further specifies “R0N(lyp) =
59 at VGS‘ = 3V.”

This example illustrates a frequent de-
signer's quandary, namely a choice be-
tween a complicated circuit that meets the

strict worst-ease design criterion, and is

therefore guaranteed to work, and a sim-
ple circuit that doesn't meet worst-case
specifications, but is overwhelmingly likely
to function without problems. There are

times when you will find yourself choosing
the latter, ignoring the little voice whisper—

ing into your ear.

El Capacitance. In the preceding examples

we put a resistor in series with the gate
when there was an inductive load. As we

mentioned earlier in the Chapter (Section

0113
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Figure 3.68. Drain Characteristics of an 11-
channel low—threshold MOSFET (type TN0104).

3.09), MOSFETs have essentially infinite

gate resistance, but finite impedance owing
to gate-channel capacitance. With high-

current MOSFETS the capacitance can be
staggering: Compared with 45pF of input

capacitance for the 1 amp VNOl, the 10

amp IRF520 has Cm = 450pF, and the
macho 70 amp SMM70N05 from Siliconix

has Cin = 4300pFl A rapidly-changing
drain voltage can produce milliamps of

transient gate current, enough to overdrive
(and even damage, via "SCR crowbar‘ring")
delicate CMOS driver chips.

0114

The series resistance is a compromise
between speed and protection, with values

of 100 ohms to 10k being typical. Even
without inductive loads there is dynam-

ic gate current, of course: The capaci-
tance to ground, Cm], gives rise to 1 =

Candi/GS fdt. while the (smaller) feedback
capacitance, CT”, produces an input cur-

rent I = CrsadVDGfdt. The latter may
dominate in a common-source switch, be-

cause Aan; is usually much larger than

the AVGS gate drive (Miller effect).

EXERHE 3.19

An |RF520 MOSFET controlling a 2 amp load
is switched off in 100ns (by bringing the gate
from +10V to ground), during which the drain
goes from O to 50 volts. What is the average

gate current during the 100ns. assuming CGS
(alsoealled Ci”) is 450pF. and CDC (alsoealled
CT”) is 50pF?

15

1O

Vaslw

IHF520 
O 5 1 O 15

gate charge (nC)

Figure 3.69. Gate charge versus V65.

In a common-source switch, the Miller-

effect contribution to gate current oc-

curs entirely during the drain transitions,
whereas the gate—source capacitance causes
current whenever the gate voltage is chang—
ing. These effects are often plotted as a

graph of "gate charge versus gate-source

voltage," as in Figure 3.69. The horizon-
tal portion occurs at the turn-on voltage,
where the rapidly falling drain forces the
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gate driver to supply additional charge to
Cr” (Miller effect). If the feedback capaci-

tance were independent of voltage, the hor-

izontal portion would be proportional to
drain voltage, after which the curve would
continue at the previous slope. In fact,

feedback capacitance Cr” rises rapidly at
low voltage (Fig. 3.70), which means that
most of the Miller effect occurs during the
low-voltage portion of the drain waveform.
This explains the change in slope of the

gate Charge curve. as well as the fact that

the horizontal portion is almost indepen-

dent of drain voltage.

1090 ‘ IRF520
V55 = 0
C“ = C!” + C9,, (3,5 shorted

BOO

EGG

C{pH 4-00

200  
..1 _|_J

O 10 20 30 40 50

V” (V)

Figure 3.70. Power MOSFET capacitances.

EXERCISE 3. 20

How does the voltage dependence of Crss
explain the change in slope of the gate charge
curves?

Other cautions. Power MOSFETs have

some additional idiosyncrasies you should
know about. All manufacturers of power

MOSFETs seem to connect the body in-

ternally to the source. Because the body
forms a diode with the channel. this means
that there is an effective diode from drain

to source (Fig. 3.71); some manufactur-

ers even draw the diode explicitly in their

MOSFET symbol so that you won't for-
get. This means that you cannot use power

MOSFETs bidirectionally, or at least not
with more than a diode drop of reverse
drain—source voltage. For example, you

couldn't use a power MOSFET to zero an
integrator driven with a bipolarity signal.
and you couldn't use a power MOSFET
as an analog switch for bipolarity signals.
This problem does not occur with inte-

grated circuit MOSFETs (analog switches,
for example), where the body is connected

to the most negative power-supply termi-
nal.

il'J J

Figure 3.71. Power MOSFETS connect body to
source, forming a drain-source diode.

Another trap for the unwary is the

fact that gate-source breakdown voltages
(:l:20V is a common figure) are lower than

drain—source breakdown voltages (which

range from 20V to IOOOV). This doesn't
matter if you're driving the gate from the

small swings of digital logic, but you get
into trouble immediately if you think you
can use the drain swings of one MOSFET
to drive the gate of another.

Finally, the issue of gate protection: As

we discuss in the final section of this chap-
ter, all MOSFET devices are extremely sus-

ceptible to gate oxide breakdown, caused

by electrostatic discharge. Unlike JFETS
or other junction devices, in which junc—
tion avalanche current can safely discharge

the overvoltage, MOSFETs are damaged

irreversibly by a single instance of gate
breakdown. For this reason it is a very

good idea to use gate series resistors of
1k—10k, particularly when the gate signal

0115
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comes from another circuit board. This

greatly reduces the chances of damage; it

also prevents circuit loading if the gate
is damaged, because the most common

symptom of a damaged MOSFET is sub-

stantial dc gate current. Another precau-

tion is to make sure you don't leave MOS—

FET gates unconnected, because they are

much more susceptible to damage When
floating (there is then no circuit path for

 

TABLE 3.5. POWER MOSFETs

Cont
drain

5”" R on V95 V0 in) Ciss Crss
BVDS‘ max 'iimséx ’@ meg! WP WP

(V) (A) (R) (V) (V) (PF) (pF)

Turn-on
charge

WP

(nC) Caseb Type/Comments° 

n-channel

30 0.8 1 .8 5 2.5 1 1O 35

40 4 2.5 5 1.5 60 5

60 0.2 6 5 2.5 60 5
60 0.4 5 5 2.5 60 10
60 15 0.14 5 2 900 180

100 0.25 15 5 2.4 27 3
100 0.3 2.5 5 2.4 70 12
1 00 1 .3 0.3 1 0 4 450 50
1 00 2 1 5 2 200 20
100 4 0.6 1 0 4 1 50 1 5
1 00 B 0.25 1 0 4 350 24
100 25 0.08 10 4 11500 90
100 40 0,06 10 4 2000 350
100 65 0.04 '1 0 5 5200 .640

1 20 0.2 1 0 2.5 2 1 25 20

200 0.1 40 5 3.5 25 3
1200 0. 1 24 1 0 2 40 5
200 0.25 1 5 5 3' 40 5
200 0.4 B 5 '3. 75 7
200 3 1 .5 10 4 140 9
200 5 0.3 10 4 450 40
200 9 0.4 10 4 600 80
200 1 B 0.1 fl 1 0 4 1 300 Q 3
200 30 0.09 10 4 £600 150

500 0.05 85 5 4 45 2
500 0.2 20 5 4 75 1 0
500 2.5 3 1 0 4 350 10
500 I4 1 .5 10 4 61.0 18
500 8 0.85 10 4 1300 45
500 12 0.11 10 4 2?00 75
500 20 0.3 1 0 5 4500 1 00

1 000 1 10 10 4.5 1200'“ 50m
1000 5 3 10 4.5 2600”” 200‘“

DIP-14 VQSOO1J1;2N,2PinDIP

0.8 TO-92 TNO104N3;|owthresho|d

TO—92 VN0610L3; gate protec; sim to VN2222
DIP-14 VQ1004Jl; uad in DIP

TO-220 RFP15N06 ;|ow threshold

0.6 To-Qé VN1310N3,BSS100
2.6 “re-92 VN0210N3

11 DIP-4 |RFD120

L "10-220 HFP2N10L’filowthre-shold
5 T0220 IHF510,MTP4N10,VN1110N5.28K295

10 10220 IRF520,BUZ72A,2SK383,VN1210N5
39 70.220 1RF540,MTP25N10
53 T03 IHF150,2N6764

- T03 VNE003A‘

TO-92 VN1206L‘; low threshold

0.5 T092 VN1320N3
.. T092 VN2020L'.33107
1.0 10-92 VN0120N3.BBS1U1
2.5 TO-QZ VN0220N3.BSSBQ
a T022!) IHF61'0.VN1220N5

11 TO-220 IRFBZD. MTPSNEU. auzso. 2310140
19 T0220 IRF630.MTP8N20.BUZ32
4a TO-220 lHF64O
.30 T03 |RF250.2N6766“MTM4DN20

— 10-92 VNOSSDNS
— T0~92 VN0650N3

13 T0220 IHF320. E10274. MTP3N50
21 T0220 IHF330,BUZ41A.VN5001D‘.MTP4N50
42 TO~22G lFIF840, MTPBNSD. 281(555“
86 To—a IHF450,2N677£1. 231(5130‘1

~ ‘ro-a VNPOOBA‘

33 10-220 MTP1N100. 31.12503
11o TD—S MTM5N100,BUZS4,IF1FAGSD
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Cont
drain
curr H V V ' C- C

BVDSa max gitgni@ 65 gig” ty'sps tfias
(V) (A) (9) (V) (V) (PF) (pF)

p-channel

30 0.6 2 12 4.5 150 60

60 0.4 5 10 4.5 150 20

100 0.15 40 5 3.5 20 a
100 0.4 B 5 3.5 90 15
100 1 0.0 10 4 300 50
100 6 0,6 10 4 300 50
100 1-9 0.2 10 4 1100 250

200 0.06 100 5 3.5 35 2
200 0.1 40 5 3.5 50 5
200 3.5 4 5 3.5 600 20
200 11 0.51 1D 4 1100 150

500 0.07 1 50 5 5 35 3
500 0..1 25 5 4 75 1 0
500 1 9 5 4.5 550 20
500 2 E 10 4.5 1000‘“ 30""

Turn-on

charge
tvn

(nC) Caseb Type/Comments°

DIP-14 vosoomi ; 2N, 2P in DIP

DIP-14 v02004Ji ; quad in DIP

0.4 T0792 VP1310N3
3 T0792 '1/P0211‘Jl'113.\tF’1t'105L1

1s DIP-4 IRFD912D
10 T0220 IHF9520,VP121DN5.MTPBP1O
70 T0220 IRF9540.MTP12P10

0.5 TO-92 VP1320N3
1 (TD-92 VP0120N3.85892

10 TED-220 VP1220N5..IFIF9522
70 ”TO-220 IRFQBMJ

- TO—BZ VP0550N3
- TO—92 VPDSSDNS
- T0220 VP0350N5

20 T0220 MTP2P50

(a) 3sz is 220v, except “3 :4ov, ‘21t10V, (3) +15, -0.3v, and 141:15v
"3) 9M: DIP—4:120'C/W; DIP-14:100°C/W; TO-92=200°C/W; 0J6; TO-220=2.5°C/W; TO-3=0.8°C/W.

Pdiss @ Tamu=75'c: DIP-4:0.6W; DIP-14:13.80}: TO-92=0.3W; Pd.SS @ Tease=75°Ci TO—220=30W; TO—3=90W.
['31 expect variations in characteristics between manufacturers; those shown are typical. "“1 maximum.

static discharge, which otherwise provides
a measure of safety). This can happen

unexpectedly if the gate is driven from
another circuit board. The best practice is
to connect a pulldown resistor (say 100k to
1M) from gate to source of any MOSFETs

whose gates are driven from an off-card
signal source.

El MOSFETs versus BJTs as high-current
switches. Power MOSFETs are attractive

alternatives to conventional power BJTs
most of the time. They currently cost

somewhat more, for the same capability;

but they're simpler to drive. and they
don't suffer from second breakdown and

consequently reduced safe-operating-area
(SOA) constraints (Fig. 3.66).

Keep in mind that an ON MOSFET
behaves like a small resistance, rather

than a saturated bipolar transistor, for

small values of drain voltage. This can
be an advantage, because the "saturation
voltage" goes clear to zero for small drain
currents. There is a general perception that

MOSFETs don't saturate as well at high
currents, but our research shows this to be

largely false. In Table 3.6 we've chosen
comparable pairs (npn versus n-channel

MOSFET), for which we've looked up the

specified ch sat or Rafi“), The [ow-
current MOS E makes a poor showing

when compared with its " small-signal" npn
cousin, but in the range of 10—50 amps, 0—
100 volts, the MOSFET does better. Note

particularly the enormous base currents
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TABLE 3.6. BJT-MOSFET COMPARISON

thmax)
cout

(25°C) (125°C) (10V) Price

Class WPe '0. ID (V) (V) I3, VGs max (100 pc)

50v, 0.5A NPN - 2N4400 0.5A 0.75 0.3 ‘5omA BpF $0.09
NMOS - VN0610 0.5A 2.5 4.5 ‘IDV 25pF $0.43

60V, 10A NPN — 2N3055 10A 3 — 3.3Pu BODpF $0.55
NMOS - MTP3055A 10A 1.5 2.3 10V SUDpF $0.57

100V. 50A NPN - 2N6274 20A 1 1.4 211 EGDpF $11.00
NMOS — VNE003A 20A 0.7 1.1 10V SDODQF $12.50

400V. 15A NPN — 2N6547 15A 1.5 2,5 25 5009.: $4.00
NMOS _ |RF350 15A 3 e 1;»: *QDQpF $3 2.50 

needed to bring the bipolar power transis-

tor into good saturation - 10% or more of
the collector current (!) - compared with
the (zero-current) 10 volt bias at which

MOSFETs are usually specified. Note also

that high-voltage MOSFETs (say, BVDS >

200V) tend to have larger 3133mm): with
larger temperature coefficients. than the
lower—voltage units. Along with saturation

data, we've listed capacitances in the ta—

ble, because power MOSFETs often have
more capacitance than BJTs of the same

rated current; in some applications (partic-
ularly if switching speed is important) you
might want to consider the product of ca-

pacitance and saturation voltage as a figure
of merit.

Remember that power MOSFETs can
be used as BJT substitutes for linear power
circuits, for example audio amplifiers and
voltage regulators (we'll treat the latter in

Chapter 6). Power MOSFETs are also
available as p—channel devices, although
there tends to be a greater variety available

among the (better performing) n-channel
devices.

Some MOSFET power switching exam-

ples. Figure 3.72 shows three ways to use

a MOSFET to control the dc power to
some sub-circuit that you want to turn on

and off. If you have a battery-operated

0118

instrument that needs to make some mea-

surements occasionally, you might use

circuit A to switch the power-hungry

microprocessor off except during those
intermittent measurements. Here we‘ve

used a PMOS switch, turned on by a 5 volt
logic swing to ground. The “5V logic" is
micropower CMOS digital circuitry, kept
running even when the microprocessor is

shut off (remember, CMOS logic has zero

static dissipation). We'll have much more
to say about this sort of "power-switching"
scheme in Chapter 14.

In the second circuit (B), we're switch—

ing dc power to a load that needs +12

volts, at considerable current; maybe it's
a radio transmitter, or whatever. Because

we have only a 5 volt logic swing avail-
able, we've used a small n-channel switch

to generate a full 12 volt swing, which then
drives the PMOS gate. Note the high—value

NMOS drain resistor, perfectly adequate
here because the PMOS gate draws no dc
current (even a beefy 10A brute), and we
don't need high switching speed in an ap—
plication like this.

The third circuit (C) is an elaboration
of circuit B, with short-circuit current lim—

iting via the pnp transistor. That's always

a good idea in power supply design, be-
cause it's easy to slip with the oscilloscope

probe. In this case, the current limiting
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+12V

 to 12V load
‘IOGR

  
VF‘lZ ISA. 0.8m
mFasaa mm. 0.4m

12V load

:- Figure 3.72. dc power switching with MOSFETS,C

also prevents momentary short—circuiting

of the +12 volt supply by the initially
uncharged bypass capacitor. See if you can
figure out how the current limiting circuit
works.

EXERCISE 3.21

How does the current limiting circuitwork? How
much load current does it allow? Why is the
NMOS drain resistor split in two?

The limited gate breakdown voltages of

MOSFETs (usually :EZOV) would create
a real problem here if you attempted to
operate the circuit from higher supply
voltage. In that case you could replace the

100k resistor with 10k (allowing operation
to 40V), or other appropriate ratio, always

keeping the VP12 gate drive less than 20
volts.

Figure 3.73A shows a simple MOSFET
switching example, one that takes advan—
tage of the high gate impedance. You might
want to turn on exterior lighting automat—
ically at sunset. The photoresistor has low
resistance in sunlight, high resistance in

darkness. You make it part of a resis-

tive divider, driving the gate directly (no

dc loadingl). The light goes on when the
gate voltage reaches the value that pro—

duces enough drain current to close the re—
lay. Sharp-eyed readers may have noticed
that this circuit is not particularly precise
or stable; that's OK, because the photore-

sistor undergoes an enormous change in

resistance (from 10k to 10M, say) when it
gets dark. The Circuit's lack of a precise
and stable threshold just means that the

light may turn on a few minutes early or

0119
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7— to 120V an
L— Iighting circuit

fl!
threshold

w —

phawresistor

A B

 
Figure 3.73. Ambient—light—controlled power switch.

+12V
lO-ZDA

 
 

 
 

“3V “9"“ SMPBONOE
(EDA. 0.02m

_J—l_l_LZOOkHz

late. Note that the MOSFET may have to

dissipate some power during the time the

gate bias is inching up, since we're operat-
ing in the linear region. That problem is
remedied in Figure 3.73B, where a pair of
cascaded MOSFETs delivers much higher
gain, augmented by some positive feed-
back via the 10M resistor; the latter causes

the circuit to snap on regeneratively as it
reaches threshold.

Figure 3.74 shows a real power MOS-

FET job: A 200 watt amplifier to drive
a piezoelectric underwater transducer at

0120
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-)))
BIEJG electric
crvstél

EOOkH? 200W dnvar

Figure 3.74. MOSFET piezo power driver.

ZOOkHz. We've used a pair of hefty NMOS

transistors, driven alternately to create ac
drive in the (high-frequency) transformer

primary. The bipolar push-pull gate dri-
vers, with small gate resistors, are needed
to overcome capacitive loading, since the
FETs must be turned on fully in something
less than a microsecond.

Finally, in Figure 3.75 we show a linear
circuit example with power MOSFETs.

Ceramic piezoelectric transducers are of-
ten used in optical systems to produce
controlled small motions; for example,
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t 1kV

3399

I aw

SUI-503

input
0 to + 10V

115

3.3k

piezo

m ‘ ‘ A CL $10,000:»:5242 r

'use five resistors
_ in series

protection
circuit

Figure 3.75. 1kV low—power piezo driver.

in adaptive optics you might use a piezo-
electrically controlled "rubber mirror" to
compensate for local variations in the ill-

dex of refraction of the atmosphere. Piezo
transducers are nice to use, because they're
very stiff. Unfortunately, they require a

kilovolt or more of voltage to produce sig-
nificant motions. Furthermore, they're
highly capacitive — typically 0.01/rF or
more — and have mechanical resonances

in the kilohertz range. thus presenting a
nasty load. We needed dozens of such
driver amplifiers, which for some reason
cost a few thousand dollars apiece if you

buy them commercially. We solved our

problem with the circuit shown. The BUZ-
SOB is an inexpensive ($4) MOSFET, good
for 1kV and 2 amps. The first transistor is
a common—source inverting amplifier, driv—
ing a source follower. The npn transis—
tor is a current—limiter and can be a low-

voltage unit, since it floats on the output.
One subtle feature of the circuit is the fact

that it's actually push-pull, even though it

  
0—1kV piezo driver
iOOOV pp to ikHz

looks single-ended: You need plenty of cur-

rent to push 10,000pF around at 2 volts
per microsecond (how much?); the output
transistor can source current, but the pull-

down resistor can't sink enough (look back
to Section 2.15, where we motivated push-

pull with the same problem). In this circuit
the driver transistor is the pulldown, via
the gate-source diode! The rest of the cir-
cuit involves feedback (with an op—amp),
a forbidden subject until the next chapter;
in this case the magic of feedback makes
the overall circuit linear (100V of output
per volt of input), whereas without it the

output voltage would depend on the (non-

linear) ID-vcrsus-VGS characteristic of the
input transistor.

3.15 MOSFET handling precautions

The MOSFET gate is insulated by a layer
of glass (SiOg) a few thousand angstroms

(1A = O.lnn1) thick. As a result it has
very high resistance, and no resistive or
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junction-like path that can discharge static
electricity as it is building up. In a classic

situation you have a MOSFET (or MOS-
FET integrated circuit) in your hand. You
walk over to your circuit, stick the device

into its socket, and turn on the power, only
to discover that the FET is dead. You

killed it! You should have grabbed onto the

circuit board with your other hand before
inserting the device. This would have dis—

charged your static voltage, whieh in win—
ter can reach thousands of volts. MOS de—

vices don't take kindly to "carpet shock,"
which is officially called electrostatic dis-
charge (ESD). For purposes of static elec-
tricity, you are equivalent to lOOpF in se-
ries with 1.5k; in winter your capacitor

may charge to lOkV or more with a bit of

shuffling about on a fluffy rug, and even
a simple arm motion with shirt or sweater

can generate a few kilovolts (see Table 3.7).

TABLE 3.7.
TYPICAL ELECTROSTATIC VOLTAG ESa

Electrostatic voltage

10°/n-20°/o 65'0-90%

humidity humidity
Action (V) (V)

walk on carpet 35,000 1,500
walk on vinyl floor 12,000 250
work at bench 6,000 100

handle vinyl envelope 7,000 600
pick up poly bag 20,000 1,200
shift position on foam chair 18,000 1,500

[3] adapted from Motorola Power MOSFET Data Book.

Although any semiconductor device can
be elobbered by a healthy spark, MOS de-
vices are particularly susceptible because

the energy stored in the gate-channel ca-

pacitance, when it has been brought up to
breakdown voltage, is sufficient to blow a
hole through the delicate gate oxide insula-

0122

tion. (If the spark comes from your finger,

your additional lOOpF only adds to the in—

jury.) Figure 3.76 (from a series of ESD
tests on a power MOSFET) shows the sort
of mess this can make. Calling this "gate
breakdown" gives the wrong idea; the col-
orful term " gate rupture" is closer to the
mark!

 
high power (X1200)

Figure 3.76. Scanning electron micrograph of
a 6 amp MOSFET destroyed by IkV charge on
"human body equivalent" (1.5k in series With
lOOpF) applied to its gate. (Courtesy 0 f Motor-
ola, Inc.)

The electronics industry takes ESD very
seriously. It is probably the leading cause
of nonfunctional semiconductors in instru-

ments fresh off the assembly line. Books

are published on the subject, and you can
takes courses on it. MOS devices, as well

as other susceptible semiconductors (which
includes just about everything; e.g., it takes
about 10 times as much voltage to zap

a BJT), should be shipped in conductive
foam or bags, and you have to be careful
about voltages 011 soldering irons, etc., dur-

ing fabrication. It is best to ground solder-

ing irons, table tops, etc., and use conduc-
tive wrist straps. In addition, you can get

"antistatic" carpets, upholstery, and even
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Ch4: Feedback and Operational Amplifiers

INTRODUCTION

Feedback has become such a well-known

concept that the word has entered the gen-

eral vocabulary. In control systems, feed-
back consists in comparing the output of

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

wheel, throttle, brake). In amplifier cir-
cuits the output should be a multiple of the

input, so in 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

to cancel some of the input. You might
think that this would only have the effect

of reducing the amplifier's gain and would

be a pretty stupid thing to do. Harold
S. Black, who attempted to patent 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 perpetual-motion ma-
chine." (See the fascinating article in ]EEE

Spectrum, December 1977.) True, it does
lower 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 network itself.
Operational amplifiers are typically used
in this high-loop-gain limit, with open-loop
voltage gain (no feedback) of a million or
so.

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

0126

175



176
FEEDBACK AND OPERATIONAL AMPLIFIERS

Chapter 4
 

characteristic), or it can be amplitude-

dependent, producing a nonlinear ampli—
fier (a popular example is a logarithmic

amplifier. built with feedback that exploits
the logarithmic VBE versus 10 of a diode
or transistor). It can be arranged to pro-
duce a current source (near-infinite out-

put impedance) or a voltage source (near-

ZCTO output impedance), and it can be con-
nected 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 tic-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 105 to 106)
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 ilSV). 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 (+) goes

more positive than the inverting input (—),
and vice versa. The (+) and (—) sym-
bols don't mean that you have to keep one
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
depend only on the feedback network. Of
course, at some level of scrutiny this gen-
eralization must fail. We will start with

a naive view of op—amp behavior and fill
in some of the finer points later, when we
need to.

Figure 4.1

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



 
Figure 4.2. Mini—DIP integrated circuit.

as shown in Figure 4.2. It is inexpensive

(about 60 cents) and easy to use; it comes
in an improved grade (LF411A) and also

in a mini—DIP containing two independent
op-amps (LF412, called a "dual" op-amp).
We will adopt the LF4ll throughout this

chapter as our "standard" op-amp, and we
recommend it as a good starting point for

your circuit designs.

inverting
input a

noninverting
input 
Figure 4.3

Inside the 411 is a piece of silicon con—

taining 24 transistors (21 BJTS, 3 FETs),
11 resistors, and 1 capacitor. The pin con—
nections are shown in Figure 4.3. The dot
in the corner, or notch at the end of the

package, identifies the end from which to
begin counting the pin numbers. As with
most electronic packages, you count pins

counterclockwise, viewing from the top.
The "offset null" terminals (also known as

"balance" or "trim") have to do with cor-

recting (externally) the small asymmetries
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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 external feedback.
They're good enough for almost everything

you'll ever do.
First, the op-amp voltage gain is so

high that a fraction of a millivolt between
the input terminals will swing the output
over its full range, so we ignore that small

voltage and state golden rule I:

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

Second, op-amps draw very little input

current (0.2nA for the LF411; picoamps
for low-input-current types); we round
this off, stating golden rule II:

II. The inputs draw no current.

One important note of explanation:
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 II?) 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 lnverling 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.

0128
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2. This means that (a) the voltage across

R2 is Vout and (b) the voltage across R1 is
Vin-

m

GU!

Figure 4.4. Inverting amplifier.

3. So, using rule 11, we have

Vault/Ra: = *Vln/RJ

In other words,

voltage gain = Vow/Vin = —32 N31

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! ln

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
R1 is 10k and R2 is 100k. Now, suppose
the output decides to be uncooperative.
and sits at zero volts. What happens? R1
and R2 form a voltage divider, holding the
inverting input at +0.91 volt. The op-

amp sees an enormous input unbalance,
forcing the output to go negative. This

action continues until the 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 input

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 = R1. At this
point you don't yet know how to figure the
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output impedance; for this circuit, it's a
fraction of an ohm.

Note that this analysis is true even
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 interested
in ac signals anyway.

This circuit is known as an inverting

amplifier. Its one undesirable feature is
the low input impedance, particularly for
amplifiers with large (closed-loop) voltage

gain, where R1 tends to be rather small.
That is remedied in the next circuit (Fig.
4.5).

iri-

DUI

Figure 4.5. Noninveiting amplifier.

4.05 Noninverting amplifier

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

VA = Vin

But VA comes from a voltage divider:

VA = VomR1/(R1 + R2)

Set VA = Vin, and you get

gain = Vent/Vin = 1 + 32/121

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

impedance is infinite (with the 411 it

would be [0129 or more; a bipolar op-amp



will typically exceed 1089). The output
impedance is still a fraction of an ohm.
As 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
provide a return to ground for the (very
small) input current, as in Figure 4.6. The

component values shown give a voltage

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

 
 

Figure 4.7

An ac amplifier

Again, if only ac signals are being ampli—
fied, it is often a good idea to "roll off'
the gain to unity at dc, especially if the
amplifier has large voltage gain, in order

to reduce the effects of finite "input off-
set voltage." The circuit in Figure 4.7 has
a low-frequency 3dB point of 17Hz, the

frequency at which the impedance of the

BASIC OP-AMP CIRCUITS
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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 dis-
cuss later (Section 4.12). An alternative

is to raise R1 and R2, perhaps using a T
network 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 configuration
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 (still) 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.

in
OLll

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 R1 infinite and R2 zero

(gain = 1). There are special op—amps, us—
able only as followers, with improved char-

acteristics (mainly higher speed), e.g., the
LM310 and the OPA633, or with simpli-
fied connections, e.g., the TL068 (which

comes in a 3-pin transistor package).
An amplifier of unity gain is sometimes

called a bufler because of its isolating
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properties (high input impedance, low
output impedance).

 

 
 

Vin
(from a voltage divider

or perhaps a signal) '

Figure 4.9

 
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 VBE off-

set of a transistor current source. Nega-
tive feedback results in Vin 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. R1 and R2 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.

Current sources for loads

returned to ground

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. 4.1 1). In the first

circuit, feedback forces a voltage VCC — Vin
across R, giving an emitter current (and

therefore an output current) IE = (VCC —

Vm)[R. There are no VB E offsets, or their
variations with temperature, Io, VCE, etc.,

to worry about. The current source is im—

perfect (ignoring op—amp errors: Ib, V05)
only insofar as the small base current may

vary somewhat with V0E (assuming the
op-amp draws no input current), not too
high a price to pay for the convenience of a

grounded load; a Darlington for Q1 would
reduce this error considerably. This error
comes about, of course, because the op-

amp stabilizes the emitter current, whereas
the load sees the collectorcurrent. A varia—

tion of this circuit, using a FET instead of
a bipolar transistor, avoids this problem al-

together, since FETs draw no gate current.



 

 
 

With this circuit the output current is

proportional to the voltage drop below

Vac applied to the op—amp‘s noninverting
input; in other words, the programming
voltage is referenced to Vac, which is fine

if Vin is a fixed voltage generated by a volt—
age divider, but an awkward situation if
an external input is to be used. This is
remedied in the second circuit, in which a

similar current source with npn transistor

is used to convert an input voltage (refer-
enced to ground) to a Vac-referenced in-

put to the final current source. Op-amps
and transistors are inexpensive. Don't hes-
itate to use a few extra components to im—
prove performance or convenience in cir-

cuit design.
One important note about the last cir-

cuit: 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
V+ voltage higher than VCC‘

EXERCISE 4.1

What is the output current in the last circuit for
a given input voltage &?

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

BASIC OP-AMP CIRCUITS
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Figure 4.11. Current sources
for grounded loads that don‘t

: require a floating power sup-
ply-

source. It has the advantage of zero
base current error, which you get with

FETs, without being restricted to output

currents less than IggIQ-N). In this circuit
(actually a current Sink), Q2 begins to

+ Van

ZNS'IQJ

Figure 4.12. PET/bipolar current source suit—
able for high currents.

conduct when Q1 is drawing about 0.6mA
drain current. With Ql’s minimum ID33
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of 4mA and a reasonable value for Qg’s
beta, load currents of lOOmA or more

can be generated (Q2 can be replaced by
a Darlington for much higher culrents,
and in that case R1 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/R2 2 Ila/R1. then it can be
shown that 110“ = r-Vin/Rg.

Kn

 
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.
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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 II (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

clippihg at _outpu_t sittings near VCC or
VEE. Durlng clipping, the 1nputs 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 VCC — Vin across the
load in the "normal" direction (current

in the same direction as applied voltage)
and Vin — VEE in the reverse direction

(the load could be rather strange, e.g.,
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 airanged so
that it is negative. This means (among

other things) that you must not mix up the

inverting and noninverting inputs.



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

large 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
design.

AN OP-AMP SMORGASBORD

In the following examples we will skip the
detailed analysis, leaving that fun for you,
the reader.

4.09 Linear circuits

Optional inverter

The circuits in Figure 4.14 let you invert,
or amplify without inversion, by flipping
a switch. The voltage gain is either +1 or

— 1, depending on the switch position.

EXERCISE 4.3

Show that the circuits in Figure 4.14 work as
advertised.

Follower with bootstrap

As with transistor amplifiers, the bias path

can compromise the high input impedance
you would otherwise get with an op-amp,

AN OP-AMP SMORGASBORD
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10k 10k"1

 follower n.

invert

 
QUE

 
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 O. 1 [LF capacitor makes the upper
1M resistor look like a high-impedance
current source to input signals. The low-

frequency rollofl for this circuit will begin
at about lOHz, dropping at 12dB per

octave for frequencies somewhat below
this. Note: You might be tempted to
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reduce the input coupling capacitor, since
its load has been bootstrapped to high

impedance. However, this can generate
a peak in the frequency response, in the
manner of an active filter (see Section

5.06).

Ideal current-to-voltage converter

Remember that the humble resistor is the

simplest I-to-V converter. However, it has
the disadvantage of presenting a nonzero
impedance to the source of input current;
this can be fatal if the device providing

the input current has very little compliance

or does not produce a constant current

as the output voltage changes. A good
example is a photovoltaic cell, a fancy

name for a sun battery. Even the garden-
variety signal diodes you use in circuits
have a small photovoltaic effect (there are

amusing stories of bizarre circuit behavior
finally traced to this effect). Figure 4.16
shows the good way to convert current

I1M.”

rt

output hiinM

photovoltaic
diode

Figure 4.16

to voltage while holding the input strictly

at ground. The inverting input 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;
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its function will be explained shortly in
connection with op-amp shortcomings.)

Of course, this transresistanee configu-
ration can be used equally well for devices
that source their current via some positive

excitation voltage, such as Vac. 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).

+15

 
 

LPT 100
(no base

connection)

Figu1e 4.17

EXERCISE 4.4

Use a 411 and a 1mA (full scale) meter to
construct a "pertect" 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 i150% full scale. Assume

that the 411 outputcan swing to :l:13 volts(:l:15V
supplies) and that the meter has 500 ohms
internal resistance.

Differential amplifier

The circuit in Figure 4.18 is a differential

amplifier with gain R2 /R1. 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 next time you have a chance.
All your differential amplifiers will have

unity gain, but that's easily remedied with
further (single-ended) stages of gain. We

will treat differential amplifiers in more
detail in Chapter 7.
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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 Vl/R + Vg/R + Vg/R. That gives
Vout = —(V1 + V2 + 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,

representing 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
input represents two digits, each consisting of
four lines that represent the values 1, 2, 4, and
8 for the respectivedigits. An input line is either
at +1 voltor atground, i.e., the eight inputlines
represent 1, 2, 4. 8, 10. 20, 40. and 80. Because
op-ampoutputs generallycannot swing beyond
i113 volts, you will have to settle for an output
in volts equal to one-tenth the value of the input
number.

10k

10k

f0]:

— V...10k
V3

Figure 4.19
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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 response (relative
to OdB at lkHz) is shown in the graph,

with the breakpoints given in terms of time
constants. The 47p}: capacitor to ground
rolls off the gain to unity at dc, where it
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-

noise LT1028, which is 13dB quieter, and

10dB more expensive, than the $33!).

+Vcc

10k

I— output

1 .Ok
1 .Ok

Figure 4.2 1

Power booster

For high output current, a power transis-

tor follower can be hung on an op-amp
output (Fig. 4.21). 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
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+ Vcc

output

- V95

Figure 4.22

2N3055 + heat sink

ENE? 25 
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
LT1010, OPA633, and 3553. These are

unity-gain push-pull 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).



 

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—
justable output voltage.

2. For reduced ripple at the zener, the 10k
resistor should be replaced by a current
source. Another approach is to bias the
zener from the output; that way you take

advantage of the regulator you have built.

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-
nal current limit and thermal shutdown

(see Tables 6.8—6.10). These devices,

complete with temperature—compensated

’ Vec-

QNBOSS
Lflk

Figure 4.24
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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 Vin positive. the diode pro—

vides negative feedback; the output follows
the input, coupled by the diode, but with—
out a V133 drop. For Vin negative, the op-
amp goes into negative saturation and Vout

is at ground. R could be chosen smaller for

lower output impedance, with the tradeofi
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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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 input rises through zero volts. During

that interval the op-amp output is racing
up from saturation near —VEE, 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 [#3, which may introduce sig-
nificant output error for fast signals. A

circuit modification improves the situation
considerably (Fig. 4.27).
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Figure 4.27. Improved active rectifier.

01 makes the circuit a unity-gain

inverter for negative input signals. D2

clamps the op-amp's output at one diode
drop below ground for positive inputs, and
since D1 is then back-biased, Vout 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 volts instead of VEE volts,

the "glitch" at zero crossings is reduced
more than tenfold. This rectifier is invert-

ing, incidentally. If you 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 a
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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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

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-amp has these characteristics:

I. Input impedance (differential or com-

mon mode) = infinity
2. Output impedance (open loop) = O

3. Voltage gain = infinity
4. Common-mode voltage gain = 0
5. Vout = 0 when both inputs are at the
same voltage (zero ”offset voltage")

6. Output can change instantaneously
(infinite slew rate)

 

1nnTnuerL'Ing
1mm;

muting -

 
 

 
Figure 4.28. Schematic of the 741 op-amp. (Courtesy of Fairchild Camera and Instrument 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 input terminals sink (or source, de-
pending on the op—amp type) a small
current called the input bias current, IB,
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 lSnA, varying little with

for high-speed operation have higher bias
currents.

Input oflset curfent

Input offset current is a fancy name for

the difference in input cun‘ents between

the two inputs. Unlike input bias current,
the offset culrent, I,,, 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 significanceis 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.

Typically, the offset current is one—half
to one—tenth the bias current. For the 411,

1.335.“ = 25pA, typical.

temperature. As a rough guide, BJT-input El lnPUt impedance
tip-amps have bias currents in the tens of
nanoamps. while FET-infiut 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 tip—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 mud]
output variation you can tolerate. You Will
see how this works later.

Op—amps are available with input bias

cun‘ents down to a nanoamp or less for
(bipolar) transistor-input circuit types or

down to a few picoarnps (LO-GpA) for
FET-input circuit types. The very lowest

bias Currents are typified by the superbeta
Darlington LMl 1, with a maximum input
current of 50pA, the AD549, with an

input current of 0.06pA, and the MOSFET
ICHSSOO, with an input current of 0.01pA.

In general. transistor op-amps intended
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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

1012 ohms, while for BIT-input op-amps
like the 741 it is about 2M9. Because of

the input bootstrapping elfect of negative

feedback (it attempts to keep both inputs
at the same voltage, thus eliminating most

of the differential input signal), Zin in
practice is raised to very high values and

usually is not as important a parameter as

input bias current.

El 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 i 15 volt supplies, the guaranteed
common-mode input range is ill 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 LM358 (a good dual
op-amp) or the LMlO, 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 i15 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 i0.5 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.

El Output impedance; output swing
versus load resistance

Output impedance R0 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 so. This is fre-

quently given as a graph of output voltage

swing V0,” as a function of load resistance,

A DETAILED LOOK AT OP-AMP BEHAVIOR
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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

V00 and VEE are possible into load resis-
tances greater than about 1k. 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 LM358), 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-
lar LM 10 shares this property, without the

limited supply voltage range of the MOS
op-amps (usually :1:8V max).

[I Voltage gain and phase shift

Typically the voltage gain A,, at dc is
100,000 to 1,000,000 (often specified in
decibels), dropping to unity gain at a fre—

quency (called fT) of lMHz 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 rollolf

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 rollol'f,
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 fT 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 VCC or VEE (you
can't predict which). The difference in in-

put voltages necessary to bring the output
to zero is called the input offset voltage
V03 (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 1 and
5, with the wiper connected to VEE.

Of greater importance for precision ap-

plications is the drift of the input offset
voltage with temperature and time, 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 TCV05
of 0.2[LV/OC and long-term drift of
0.2uV/month.

Slew rate

The op-amp "compensation" capacit-
ance (discussed further in Section 4.32)
and small internal drive currents act to-

gether to limit the rate at which the output

can change, cven 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 lSV/us; low—power op-
amps typically have slew rates less than

lV/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
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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

27rAf volts per second.

 
 “Hus

"a...” ‘I lItHJI
maximum
slew rate
at zero crossmg  
 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 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
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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, in), and output
crossover distortion. These become signif-
icant limitations only in connection with

precision circuits and low—noise amplifiers,
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 inverting

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.

H?

H!

Figure 4.30

Open-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 R2/ R1 (Fig. 4.31). For garden—
variety op—amps like the 411, this means

that you're dealing with a relatively low

frequency amplifier; the open—loop gain is

down to 100 at SOkHz, and fT is 4MHz.

Note that the closed—loop gain is always

less than the open-loop gain; this means,

for instance, that a X 100 amplifier built
with a 41 1 Will show a noticeable falloff of

gain for frequencies approaching SOkHz.

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.

“3‘

105
openJoop

10‘ in ’1 n

y”! :—G (closed loop)
103

  
 

ID’voltagegain closed-loop
10' gain 

 

 
I‘

m r —J._._J._1_ .l_.__1.H..L_1 10 mo 1k 10k 100k 1M 10M

frequency (Hz)

Figure 4.31. LF411 gain versus frequency
("Bode plot").
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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 lSV/ps
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slew rate. For slew rate S, the output

amplitude is limited to A(pp) S S/71'f for

a sine wave of frequency f , thus explaining
the llf dropofl" 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 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
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20
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15

H
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'10
B ._L J___.L ._.l._l

0.1 0.2 0.5 1.0 2.0 5.0 10

load resistance (k)

peak-tnapeakoutputswinglVl 
Figure 4.33. Output swing versus load [LF4-l I}.

Offset voltage

Because of input offset voltage, a zero
input produces an output of Vout =

05.9%,. For an inverting amplifier with
voltage gain of 100 built with a 411, the
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output could be as large as :l:0.2 volt when
the input is grounded (V0,, = ZmV 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 V03. (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., V03 = 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, I3, produces a voltage drop
across the resistors, which is then ampli—

fied by the circuits voltage gain. In this

circuit the inverting input sees a driving

impedance of R1 || R2, so the bias current
produces a voltage Vin = 13(121 II R2),
which is then amplified by the gain at dc,

—Rz /R1..

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 R1 = 10k and R2 =
1M; these are reasonable values

for an inverting stage, where we might
like to keep Zin at least 10k. If we
chose the low-noise bipolar LM833, the

output (for grounded input) could be as
large as lOOXlOOOnAX9.9k, or 0.99 volt

[GchBRunbalance)g which is unacceptable.
By comparison, for our jellybean LF4ll

(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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Veg-produced output error (200mV, worst-
case untrimmed, for the LF41 1).

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 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 lk to 100k or so.

A third cure involves reducing the gain to

unity at dc, as in the RIAA amplifier ear-
lier.

100k

 
9,1k bipolar np-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. For example,
the precision low-noise bipolar OP-27 has

IB =10nA (typ), the inexpensive bipolar
LM312 has 13 :l.5nA (typ), and its im-

proved bipolar cousins (the LT1012 and

LMll) have IB = 30pA (typ). Among in-

expensive FET op-amps, the JFET LF4ll

has IB = SOpA (typ), and the MOSFET
TLC270 series, priced under a dollar. have
13 = IDA (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-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 (GdcfufimRsomce), due to unavoid—

able asymmetry in the op—amp input cur—
rents. In general, [offset is smaller than

Ibiaa 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 op-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-alnp (even

when price is no object): For example,
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Total Voltage
00-“ SUPP Y — Current

#per E .E voltage Supp Offset DriA en
pkgb g S, — curr — — Bias Offset @1kHz

.E g ,5 min max max typ max typ max max max [y
Type Mfg‘il 1 2 4 1— 10 E V) (V) (mA) (mV) (mV) (uV/ C) (LIV/”0) [nA) (nA) nw Hz

BIPOLAR, PRECISION
OP-07A PM+ - A — - — 1 5 44 4 0.01 0.025 0.2 0.6 2 2 9.6
OP—07E PM+ - A — - + 1 5 4'4 4 0.03 0.08 0.3 1.3 4 3.8 5.5

OP-21A PM ~ A A - — 1 5 36 0.3 0.04 0.1 0.5 1 100 4 2‘1
OP—27E PM+ - A A - 7 1 '0 44 5 0.01 0.025 0.2 0.5 40 35 3.0
OP—27G PM+ - AA - — 1 a 44 6 0.03 0.1 0.4 1.8 .50 7'5 3.2

OP—37E PM+ . A— - — 5 B 44 5' 0.01 0.025 0.2 0.6 40 35 3.0
OP-50E PM ~ — — - - 5 10 36 4 0.01 0.025 0.15 0.3 5 1 4.5
OP—77E PM ~ A A - — 1 6 44 2 0.01 0.025 0.1 0.3 2 1.5 9.6
OP-90E PM - A A - *1 1 1.6 36 0.02 0.05 0.15 0.3 2 15 3 60
OP97E PM °-- '- 1 45 40 06 001 0025 02 05 01 0i 14
MAX400M MA - — — - — 1 G 44 4 0.004 0.01 0.2 0.3 2 2 9.6
LM607A NS - — — - - 1 B 44 15 0.015 0.025 0.2 0.3 2 2 6.5
AD707C AD ' A — ' - 1. 5 36 3 0.005 0.015 0.03 0.1 1 1 9.6

ADB46|3 AD - — — - - 2 10 36 6 5 0.025 0.075 0.3 3.5 250 (k) 2
LT1001A LT * A — ‘ - 1 6 44 3 3 0.01 0.025 0.2 0.6 4 4 9.6
LT1007A LT * — — - — 1 5 44 4 0.01 0.025 0.2 0.6 35 30 2.5
LT1012¢ LT+ - A— g - 1 4 40 0.6 0.01 0.05 0.2 1.5 0.15 0.15 14
LT1028A LT ' — i ' - 1 8 9.5 0.01 0.04 0.2 0.3 90 50 0.9
LT1037A LT - - - ' - 5 5 44 4.5 0.01 0.025 0.2 0.6 35 30 2.5

RC4077A RA - — — - - I 5 44 1.? 0.004 0.01 0.1 05.1 2 1.5 9.6
HA5134A HA 2 7 ° — - 1 10 40 B 0.05 0.1 0.3. 1.2 25 25 T
HA5135 HA * — — ° _. 1 0 40 1.7 0.01 0.08 0.4 1.3 4 4 9

HA5147A HA - — — - - 10 a 44 a 0.01 0.025 0.2 0.6 40- ‘35 3.0

BIPOLAR, LOW-BIAS (see also "bipolar, precision")
OP-08E PM ' - - - ' U 10 40 0.5 0.07 0.15 0.5 2.5 2 0.2 20

LM1O NS+ . _ _ . _ 1 1 45 0.4 0.3 2 2 - 20 0.7 47
LM11 NS+ - 7 — ° - 1 5 40 0.6 0.1 0.3 1 3 50pA 10pA 150
OP-12E PM+ - — — — — 1 10 40 0.5 0.07 0.15 0.5 2.5 2 0.2 20
LM308 NS+ * A — - - U 10 36 0.8 2 7.5 6 30 7‘ 1 '35

LM312 NS+ ~ A- . - 1 10 40 0.8 2 7.5 E 39 7 1 35
LP324 NS — — ° — — 1 4 32 0.25 2 4 10 - 10 2 —

BIPOLAR, SINGLE-SUPPLY
324A NS+ A A - — — 1 3 3 2 3 2 3 7 30 100 30 -
LP324 NS — - - - 7 1 4 32 0.25 2 4 1.0 - 10 2 -

LT10130 LT - ° A — — 1 4 44 1 0.06 0.3 0.4 2.5 50 2 2.2
HA5141A HA ' A A — — 1 2 40 0.07 0.5 2 3 - 3'5 10 20

BIPOLAR, SINGLE-SUPPLY PRECISION _
LT1006A LT - ' — 1 2.7 44 0.5 0.02 0.05 0.2 1.3 15 0.5 22
LT1013A LT - ' A — — 1 4 44 1 0.04 0.15 0.4 2 35 1.3 22
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Slew Max Max

ratee f‘r CMRR PSRR Gain output diff’i
typ typ min min min curr input'

Type (W115) (MHZ) (dB) (dB) (dB) (mA) (V)

'op-om 0.1:r 0.5 110 100 110 10 30"
01107E 0.17 0.5 105 94 105 10 :10h
019-210 0.25 0.5 100 104 120 - 30
0P-27E 2.5 3 114 100 120 20' 0.5
DP—27G 2.8 13 100 04 1 1? 20 0.5

05375 17 53 1 14 100 120 20 0.5

05-501: 3 25 125 125 140 70 10h
013—7715 0.3 0.5 120 110 134 12 :10h

IDP-QDE 0.01 0.02 100 104 11? 6 35

lop-975 0.2 0.9 114 114 110 10 0.5'
111111140001 03 0.5 114 100 1 14 12 30
mean 0.7 1.5 124 100' 134 10 0.5

002020 0.5 0.9 1:30 120 135 12 44
1103463 450 310 110 110 — 50 1a
LT1001A 0.25 0.8 114 110 113 30 30
LT1007A 2.5 8 117 110 137 20 0.5
LT1012C 0.2 0.8 110 110- 105 12 1
LT1028A 15 75 114 117 137 20 1
LT1037A 15 50 117 110 137 20 0.5
90407711 0.25 0.5 120 110 12a 15 30

11114513411 1 4 94 100 108 20 40

11115135 0.13 2.5 105 94 120 20 15h

HA5147A 35 140 1141. 30 120 15 0.5

OP-OBE 0.12 0.8 104 104 98 5 0-5
LM10 0.12 0.1 93 90 102 20 40
LM11 0.3 0.5 110 100 100 2 0-5
OP-12E 0.12 0.8 104 104 98 5 0-5
LM308 0.15 0.3 80 80 88 5 0.5
LM312 0.15 0.3 80 95 88 5 0-5
LP324 0.05 0.1 80 90t 94 5 32

324A 0.5 1 55 65 88 20 30

LP324 0.05 0.1 80 90‘ 94 5 32
.LT1013c 0.4 0.8 97 100 122 25 30
HA5141A 1.5 0.4 80 94 94 1 7

LTTOGGA 0.4 1 100 106 120 20 30

1LT1013A 0.4 0.8 100 103 124 25 30
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Swing to
supplies?g 

In Out

+—+4 Comments

low power
low noise

cheap grade
low noise. decomp OP-27
high current, low noise
improved OP-07
micropower
low power OP-77

lowest non-chopper VOS

improved OP-07; dual = 708
current feedback; fast

low noise, ~OP-27

improved 312; dual = 1024
ultra low noise

decomp 1007, ~OP-37

lowest non-chopper VOS
quad, low noise

low noise, high speed, uncomp

precision 308
1V op-amp; precision; volt. ref.
precision: lowest bias bipolar
precision 312
original low-bias (superbeta)
compensated 308
low power, single supply

a classic; dual=358A

low power, low bias
improved 358/324; quad = 1014
micropower

optional 1 : 900A
improved 358/324; quad = 1014



 

TABLE 4.1 (cont’a)

 

 

Total Voltage

on supply Current
#per E ,5 voltage Supp Offset Drift en
pkgb 8 31 curr Bias Offset @1kHz

,5 3: .2 min max max typ max typ max max max lyP
Type M19a 1 2 4 1— m 2 V) (V) (mA) (mV) (mV) (0WD) (uV/“C) (nA) (nA) anHz

BIPOLAR, HIGH-SPEED
OP-62E PM - — — - - 1 15 35 ? , 0.2 , 300 100 2-5
OP-63E PM - — — - - 1 15 35 7 - 0.75 - - 300 100 7
OP-64E PM - ~ — - . 5 16 33 7 0.75 - - 300 100 7

OP-65E PM - — - . - 1 3 14 25 » 2 - , 30A 10A 4
CLC400 CL - — — - — 1 — 7 15 2 5.5 20 40 250A (k) 12
A0509K AD - — — . - 3 10 40 a 4 3 - 40 200 25 13

SL541B PL - — — - — 10 - 24 21 - 5 15 - 250A 11:) -
VA705L VT - A A - —~ 1 3 12 10 1 2 20 - 900 25 -

VA706K VT - A A - — 1 a 12 10 4 10 20 - 11.4 120 -

VA7o7K VT - A A - — 12 3 12 10 3 5 20 - 111A 120 1
LM837 NS — — - — — 1 3 35 15 0.3 5 2 , 111A 200 4.5
A0840K AD - — — - - 10 10 35 12 0.1 0.3 3 - 511A 200 4

A0841K AD - — — - v 1. 10 35 12 0.5 1 35 20 511A 200 1:3

AD847J AD * — — . — 1 3 35 5.5 0.5 1 15- - 711A 50' 15'
AD848J AD 3 _ _ - — 5 3 35 5.5 0.5 1 2 10 50A 15' 4‘
AD849J AD - _ — . - 25 9 35 5.5 0.5 1 1 10 5,01 15' 4‘
HA2539 HA - — — — - 10 10 35 25 3 15 20 - 200A 50A 0

SL2541B PL - - — - - 1 14 30 251 10 - 20 . 2011A - -
HA2541 HA - — — - + 1 1o 35 45 - 2 20 — 3514A 7110‘». 10

HA2542 HA - — — . - 2 10 35 40 - 10 20 - 350A 711A 10
HA2544 HA - — — . - 1 10 33 10 5 15 10 - 150A 2011 -
CA3450 RC -—— - - 1 10 14' 35 a 15 « - 350 150 -

HA5101 HA - A A - — 1 4 40 5 0.5 3 3 - 200 75 3.3
HA5111 HA - AA . - 10 4 40 3' 0.5 3 3 - .200 75 3:3
HA5147A HA - — — - + 10 3 44 4 0.01 0.025 0.2 0.5 40 35 3.0

HA5195 HA - — — — — 5 20 35 25 3 5 20 - 150A 411A 5
LM6361 NS - — — . — 1 5 33 5.5 5 20 10 - 50A 20A 15

LM6364 NS - — — - - 5 5 36 5.5 2 3 5 , 511A 211A 3
LM6365 NS . — — - - 25 5 35 5.3 1 5 3 - 50A 20A 5

BIPOLAR, OTHER
OP-2OB PM - AA - — 1 4 36 0.08 0.06 0.25 0.75 1.5 25 1.5 53

LM833 NS — — — 1 1 0 36 3 0.3 5 2 104 200 4.5
CA3193A RC - — — - — 1 7 35 3.5 0.14 0.2 1 3 20 5 .24
xn4sso x51 — - — — — 1 8 36 2 0.5 6 500 200 3
HA5151 HA - AA — — 1 2 40 0.25 2 3 3 150 30 15

NE5534 SN+ - A — - - 3 6 44 8 0.5 4 2115 300 4
MC33078 Mo — . A — — 1 10 36 5 0.15 2 2 750 150 4.5
mean MO - A A ~ — 1 3 44 0.25 2 4.5 10 100 20 32
MC34071A MO - A A . — 1 3 44 2.5 0.5 1.5 10 500 50 32

198
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Swing to
 

 

 

supplies?9
Slew Max Max

ratee fT CMRR PSRR Gain output diff’l In Out
typ typ min min min curr input'

Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) + — + — Comments

OP~52E 15 50 110 105 111 20 5 - — — — precision
OP-SBE SD 50 110 105 100 20 5 7 i 7 7
lop-64E 200 200 110 105 100 20 5 - — — —

|tip-65E 200 150 85 90 100 50 5 - - - —

CLC4OD 1'00 280 40 4O - 50 - - - - — transimpedance; decomp=401
AD509K 120 20 80 80 EU - 15 # ‘- - - last

SL541B 175 100 SCI 45 46 6.5 9 — - - — fast, video
VA705L 35 25 60 60 '50 50 9 - - - - video, drives 50(2; fast settle
VAYOBKi 42 25 60 60 66 50 El - - — - video, drives 50S); fast settle

VAYCITK 105 300 60» 61] 74 50 9 - - - + decornp, fast, 500
LMBS? 1'0 25 SCI 12D 91] 40 30 - - - _ low noise, low distortion

AD840K 400 400 100 94 104 50 6 - ~ - - decornp 841 ; 842 has G>2
A0841 K SOD 4D 90 90 83 50 6 — — — —' fast settle; decornp versions
AD84TJ 300 50 78 75 7D 20 E - - - - fast settle; decornp versions

$00434 300 250 104‘ 104t 02 2g 6 — 7 7 — decornp 847
AD849J 300 ?25 1101 100' 90 25 a 7 7 — 7 uncornp 847
HA2539 600 600 60 85 80 10 6 — — - — low noise. sim to 2540

SL2541B .900. 500 47 401 45 10 .10 - — - — has uncommitted unity gain buf
HA2541 230 40 70 60 BD 10 6 - - - - fast settle, low distortion

'HA2542 375 120 70 70 80 100 E — — ‘— 7 fast settle, decornp
HA2544 150 33 75 70 F0 35 6 - - - - Video
CA3450 420 190 50' 80 96 75 ,5 — — — — video amp/line driver

HA5101 1D 10 100‘} 130 136' 30 7 — - 7 -— low noise
HA5111 50 100 100t 100' 130‘ 30 ii 7 7 7 7 low noise, uncomp

'HA5147A 35 140 114 BO 120 15 0.7 - - - — low noise, precision, uncomp
141015195 200 150 T4 70 80 25 6 - - - — Elantec EL2195 = improved

'LM6361 300 50 ’70 3’2 52 30 B - - - - vertical PNP

LM6364 300 160 102t 10 65‘ 30 a - — — — vertical PNP
LMBSBS 300 725 80 1011t 75 30 8 - - - - vertical PNP

OP-ZUB 0.05 0.1 96 100 114 0.5 30 — . — — accurate low power
LMBSG ? 15 an 30 9:) 1o 30 _ _ .. _ low noise, low distortion
CA3193A 0.25 1.2 110 100 110 7 5 — — — —
XR4560 4 10 70 7E 85 100 30 _ _ _ _ intended for audio

'HA5151 4.5 1.3 80 80 94 3 7 — — — - low power
'NE5534 B 10 70 80 38 20 0.5 7 7 7 7 low noise, intended for audio
MCBSOH T 16 80 80 90 2D 36 ' ' ' ' low noise, low distortion

M0331T1 2.1 1.8 80. 80 94 4 44 7 ' — -
MCS4DT1A 10 4.5 30 30 94 25 44 — - 7 — drives 0011”:
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TABLE 4.1 (cant’d)

 

 

Tot Voltage

"at! SUPP Y — Current
#per E .5 voltage Supp Offset Drift — En

Pkg" E 8 '3 .— curr — Bias Offset @1kHz
.: ‘i .5 min max rnax typ rnax typ rnax rnax rnax tg

Type Mfga 1 2 4 I- In E (V) (V) (mA) (mV) (mV) (pV/ C) (pV/°C) (nA) (nA) nW Hz

BIPOLAR, OBSOLESCENT
013-015 PM - —— - — 1 1 0 44 3 ‘ 2 3 10 50 5 -
OP-02E PM . A— - — 1 1 0 44 2 0.3 0.5 2 0 .30 2 21
OP-05E PM+ - A — - — 1 6 44 4 0. 2 0.5 0.7 2 4 3.5 9.6
OP—11E PM "- — — 1 1 0 44 6 0.3 0.5 2 10 300 20 12

307 NS+ - —— — - 1 1 0 44 2.5 2 7.5 5 30 250 50 15

LM318 NS+ _-_—— - - 1 10 40 10 4 10 - - 500 200 1a
349 NS - — ~ 5 10 36 4.5 1 5 - - 200 50 50
AD517L AD - — — - — 1 1 0 36 3 - 0.025 - 0.5 1 0.25 20
AD518J AD - —— - - 1 10 40 10 4 10 10 '500 200 -
NE53O SN - A — - ~ 1 1 0 36 3 2 5 5 150 401 30

NE531 SN - — — ° - U 12 44 10 2 B — 211A 200 ,
NE538 SN - A— - - 5 1O 36 2.8 2 5 5 - 150 40 15

“A725 FA+ - — — - - U 6 44 3 0.5 1 2 5 100 20

0A739 FA — - — — - U 8 3614 1 5 - . 211A 100A
741C FA+ - AA - — 1 10 36 28 2 s - » 500 200 -

748C FA+ - —— - - U 10 36 3.3 2 6 ~ 500 200 —

111-1749 FA — - — — - U 8 3 61 0 1 3 a -- 750 400
1435 TP . —— - - 10 24 32 30 2 5 5 25 2011A - -

1456 Mo . __ . 2 1 10 36 3 5 10 - 5 30 10 45
HA2505 HA - — — - - 1 20 40 6 4 5 20 - 250 50 —
HA2515 HA - — — - - 1 20 40 6 5 10 30 - 250 50 -

HA2525 HA - — — - - 3 20 40 6 5 10 30 , 250 50 -
HA2605 HA - — — . - 1 10 45 4 3 5 '10 - 25 25 -
HA2625 HA - — — . v 5 10 45 4 3 5 10 - 25 25 -

CA31OO RC . — — - - 0 13 36 11 1 5 - - 211A 400 -
4558 RA+ 5 - - — — 1 8 36 5. 6 2 6 - - 500 200 113
5155535 SN A - — - — 1 1 0 (is 2.8 2 5 6 — 150 40 17

5539 SI+ - —— — - 7 6 24 15 2.5 5 5 10 2011A , 4

JFET, PRECISION
OP—41E PM ~ —— - — 1 10 36 1 0.2 0.25 2.5 5 0.005 0.001 32
OP—43E PM - - — . — 1 10 36 1 0.2 0.25 2.5 5 0.005 0.001 32

OPA101B BB - -— - - 1 1 0 40 8 0.05 0.25 3 5 0.01 4,515 5
OPA111B BE 'A— - — 1 10 36 3.5 0.05 0.25 05 1 10A 0.?pA 7
A0547L AD ' A - . — 1 5 36 1.5 - 0.25 - 1 0,025 2pA' 30
AD5480 AD ' A - . — 1 9 36 0. 2 0 1 0.25 — 2 0.01 0.005 30
OPA627B BB - - - . - 1 9 33 8 0 04 01 0 5 0.8 0.02 0.02 5.2
AD711C AD ' AA . — 1 9 33 2.8 01 0.25 2 3 0.025 0.01 15
AD845K AD . — - - — 1 9. 5 {B 12 01 0.25 1.5 5 1 0.1 25
LT1055A LT ' —- . — 1 1 0 4O 4 0.05 0.15 1.2 4 0.05 0.01 14
HA5170 HA . — — . — 1 9 44 2.5 01 0.3 2 5 0.1 0.05 10
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Slew
ratee
typ

Type (V415)

OP-D‘I E 1 8

02—021; 0.5
OP—DSE 0.1 7

OF’v‘l 1 E ‘l
30? 0.5
LM31 8 70
349 2
A051 7L 0.1

N551 BJ 70
NE530 35
N E5 31 35
NE533 60

00725 0.00
M739 1
T410 0.5
7480 0.5

0A749 2
1 435 300

1 455 2.5

HA2505 30
HA251 5 60
HA2525 120

HAZEOS 7
Hfi2625 35
CA31 DD 25
4558 1
N E553 5 1 5
5539 600

OP-41 E 1 .3

OP-43E 5
OPA1 01 B 7
OPA1 1 1 B 2
ADS47L 3
AD548C 1 .8
OPA627B 55
AD71 1 C 20
ADB45K 100
LT1 055A 1 3
HA51 70 3

Max Max

f-r CMRR PSRR Gain output diff’l
typ min min min curr input'

(MHZ) (dB) (dB) (dB) (mA) (V)

2.5 80 130 94 5 30
1.3 90 90 100 a 30

0.5 110 04 106 10 30h
2 110 90 1.00 6 30
1 70 70 34 10 30

15 70 55 06 10 0.5

4 70 77 BB 10 36
0.25 110 95 120 10 30

12 70 65 Ba 15 .
3 70 75 94 10 30
l 70 76 86 - 15
5 70 7s 94 10 30

5 0.00 110 100 10a 15 5

a 70. 05' 70 1.5 5
1.2 70 76 36 20 30
1.2 70 76 94 15 30
6 70 74 86 1,5 5

16H: 30 75t 30 10 2
1 70 74 97 5 40

12 74 74 84 10 15

12 7'4 74 72 10 15
20 7'4 74 73 10 15
12 74 74 .98 10 12

100 74 74 90 10 12
30 76 60 50 15 12

2.5 70 74 36 15 30
1 70 76 94 10 30

1200 70_ .00 4.6 40 10

0.5 100 92 120 15 20
2.4 100 92 120 15 20

20 00 86 96 45 20
2 100 100 120 10 36
1 00 so 103 20 20
1 86 as 110 20 20

1a 100 106 110 30 =
a 00 86 105 20 20

16 94 95 105 30 36
5 as 90 104 30 40
a 90 74 110 10 30
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Swing to
supplies?9 

In Out 

+—+— Comments

fast, precision
precision, low current

precision quad
a classic: uncomp=301
was popular
decomp 348 (quad 741)

fast; dual=5530

fast; dual=5538

original precision op-amp
low noise, intended for audio

old classic; dual=1458, quad=348
uncomp 741
sim to 739
fast settle

fast 1458
fast

small output swing

low bias, low dist; OP-43 faster
low bias, low dist; OP-41 stabler

low noise; decomp = OPA102
low noise, low bias
dual : AD642, 647

improved LF441 ; dual = AD648
fast

improved LF411/2
fast
LT1056 is 20% faster
low noise



 

TABLE 4.1 (cont’d)

 

Tot Voltage

an.“ supp y — Current
#ner E .5 voltage Supp Offset Drift — en
pkg“ g a, — curr — Bias Offset @1kHz

E g 5 min max max typ max typ max max max 1y
Type mg“ 1 2 4 1- m E (V) (V) (mA) (mV) (mV) (11V! C) (pV/°C) (nA) (nA) nW Hz

JFET, HIGH-SPEED
OP-42E PM - - - ' 7 1 15 40 6.5 0.3 0.75 4 10 0.2 0.04 13

OP-44E PM ' - - ' - 3 16 40 6 0.03 0.75 4 10 0.2 40pA 13
357B NS+ ' 7- ' - 5 1 0 36 7 3 5 5 100pA 0.02 12

ADSBOK AD - — — n - U 12 40 15 - 1 10 0.1 513.15.t 15
LF401A NS ' 7 - ' ' 1 15 36 12 - 0.2 0.2 0.1 23

OPA404B BB 7 _ l - - 1 10 36 10 0.26 0.75 3 0.004 £1915 15
LF457B NS . — — . — 5 10 36 10 0.18 0.4 3 4 50m 20m 10
OPA602C BB . 7 7 ' 7 1 10 36 4 0.1 0.25 1 2 1pA 1pA 13
OPA605K BB . — — ' ' 50 0 40 9 0.25 0.5 5 0.035 EpA‘ 20
OPAGOGL BB . — — ' — 1 10 36 9.5 0.1 0.5 3 5 0.01' 5pA 13
ADT44C AD 0 A — ' ' 2 9 36 4 0.1 0.25 2 3 0.05 0.02 13
A08433 AD . — — ' - 1 9 36 12 0.5 1 15 1 0.1 13
A0845K AD . - - ' - 1 95 36 10.2 0.1 0.25 1.5 3 .0.4 0.05 25

LT1022A LT - - - 1 20 40 7 0.08 0.25 1.3 5 I005 0.01 1d.
HA5160 HA ' - - 7 ' U 14 40 10 1 3 20 0.05 0.01 35

MC34080A MO - A A ' - 2 6 44 3.4 0.3 0.5 10 0.2 0.1 30
M034081A MO ' A A ' — 1 6 44 3.4 0.3 0.5 10 0.2 0.1 30

JFET, OTHER
TL031C Tl ' A A o 7 1 10 36 0.28 0.5 1.5 6 0.2 0.1 41
TL051C T| ' A A - - 1 10 36 3.2 0.6 1.5 8 0.2 0.1 13
TL051C T|+ ' A A I — 1 4 36 0.25 3 15 10 0.41 0.2 42
TL071C T|+ ' A A ' — 1 7 36 2.5 3 1O 10 0.2 0.05 13
TL081B T|+ ‘ A A ' — 1 7 36 2.8 2 3 10 0.2 0101 13

OPA121 BB ~ — — . _ 1 1 0 36 4 0.5 2 3 10 0.005 4pA B
OPA128L BB - — — - — 1 10 36 1-5 0-14 0-5 5 751A 30101 2?
LF351 NS+ A A ' - 1 10 36 3.4 5 10 10 0.2 0.1 2.5

3558 NS+ ° 7- ' ‘ 1 1 0 36 4 3 5 5 100pA 0.02 20

3568 NS+ - 7 7 - — 1 1 0 36 7 3 5 5 100pA 0.02 12
”:411 NS+ . A _ . _ 1 10 36 3.4 0.8 2 7 20 02 0‘1 25

Lann NS - ' - - - 1 6 36 25 1 100pA 50pA 3.5
LF441 NS ' A A - — 1 10 36 0.25 1 5 10 20 0.1 0.05 35

”:4553 NS 0 _ _ . _ 1 1 0 36 4 0.18 0.4 3 4 5mm ZOpA 12
LF456B NS . _ _ . _ 1 10 36 8 0.18 0.4 3 4 50pA 20pA 10
ADS49L AD ‘ 7 - ' ‘ 1 10 36 0.7 0.3 0.5 5 10 501A 201A1 35
AD611K AD - —— - - 1 10 36 2-5 0-25 0-5 5 10 0.05 0.025 13
LT1057A LT — - A — — 1 20 40 3-8 0-15 0-45 1-8 7 0.05 0.04 13
HA5180 HA ° 77 . ‘ 1 10 40 1 0.1 0.5 5 0.001 2001A 70

MC34001A MO ' A A ' - 1 8 36 2.5 1 2 10 0.1 0.05 25
MCS4181 MO - A A ' 7 1 3 36 0.2 0.5 2 10 0.1 0.05 38
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Type

013-422
09442

3579

493391:
9919111
09114949
LF457B
09.49920
OPABOSK
0PA995L
997449
999439
4934514

L11922A
11145199

190349399
MO 34031 A

TL031 C
TL051 C
TL061 C
TL071 C
TL081 B
OPA121
OPA128L
LF351

3558
3568
LF411
Lann
LF441
LF455E3
LF4568
AD549L
AD61 1K

LT1057A
HA5180
M034001 A
MC34181

Slew

rateE 1T
WP tYP

(V/us) (MHz)

58 19
129 19

50 20
339 399

39 16
35 64
59 29
35 65
94 29
35 13
7’5 13

259 35

199 19
26 89

129 199
50 16
2s 8

3 1
24 3
35 1

13 3
13 3

2 2
3 1

13 4

5 25
12 5
15 4
20 19

1 1
5 3

125 5
3 1

13 2
13 5

7 2

1 3 4-
10 4

Max Max

Swing to
supplies?g 

CMFIFI PSRFl Gain output difi’l In Outmin

(dB)

33
38
35

90
92
66
92
80

85
BE

1 00
Q4

85
74
75
75

75
75

70

888'3
"1’0
85
BS
70
ED
70
[36

86
90

86
90
BO
70

min

(dB)

36
90
BS

60
60
BS
85
BE
74

90
92
95
98

38
11 DB

75
?5

?5
75
71}
70
'80
'86
90
70
35
85
7O
80

7'0
86

1 86
90
80
BB
90
BO

20

min

(d B)

114
114
94
92

199
92

199
192

1 94'
199
199
as

1 99

194
913
94
94

7-4
94

70
BB
94

I119
1 1 o
93
94
94
99

199

as
199

1 95
119

104
106
94
88

cur
 

r input'
(mA) (V) + — + —

a w ----
15 49 --——

29 a9 .__-
60 29- ‘-——
59 :12 ————
19 as -22-

199‘ 49 -———
29 39 ____
.39 29 ————

19 39 ——--
29 33 ————
5n -_ ____
25 29 -~--

19 49 ————
22 49 ————

29 44 —--—
29 44 ————

a 39 --——
39 39 -—-—

5 39 ————
19 39 ————
19 39 ____
19 as --——
19 36 ——‘—
19 39 -———

29 39 '—-—
29 39 -———
29 39 ~—-—
15 2 -———
4 39 -———

1m' 49 ~———

199' 49 -—-—
19 36 n--—
29 29. +7-7
19 49 ————
15 40- —--—
29 39 -—-—

9 35 —--—

0154

Comments

low Zout

decornp 356
hybrid, fast, 50R
accurate

accurate quad
low noise; drives 0.011.1F
low bias, fast settle
uncornp

improved LF356
very low dist (3ppm); fast settle
fast settle
fast settle

low bias

Vin > V_+4V: decomp 34081
wn>v44v

low power; improved TL061
low dist; improved TL071/081
low power
lower noise

low noise

very low bias
353=dual, 347=quad
popular
faster 355

jellybean
lowest noise JFET

low current jellybean
low noise; drives 0.01uF
low noise; drives 0.0111F

electrometer; guard pin
low dist, gen purp JFET
accurate dual/quad JFET
very low bias over temp; noisy

low power, last, low dist.



TABLE 4.1 (conf’a’)

# per
 

Type Mfga

pkg”

124

JFET, OBSOLESCENT
OP-15E
OP-16E
AD515L
AD542L
AD544L
AD545L
ICHB5OOA

PM+
PM+
AD
AD
AD
AD
IL

MOSFET
OP-80E P M
TLC27L2A T|
TLC27M2A T|
TLC272A T|
TLC279C T|
LMCGGOA
TLC1 0780
ALD1701
ALD1702

CA31 40A
CA3160A
CA341 0A
CA3420A
CA51 60A
CA5420A
CA5422
|CL7612B
IC L7641 B

TI
AL
AL

RC
RC

RC
RC
RC
RC
|L+
|L+

RC-

IA—

NS ——.

AA'

CHOPPER STABILIZED
MAX420E
MAX422E
LMCSGBA
TSCQDOA
TSC901
TSC91 1 A
TSC915
TSCQ1B
LTC1 050
LTC1 052
IC L7650

ICL765OS
ICL7652 |L+
|CL7652$ |L
TSC76HV52TS

MA
MA

NS
T8
T8
TS
T8
T8
LT
LT
|L+
IL

.E
g: Extcomp“ M'ngatn‘1

dd—h—l—l—I-fi

A‘d—‘A‘m‘d—I—l—l-fi-lp—l—Ié
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Total Voltage
supply
voltage Supp Offset Drift

. curr
mIn max max typ max typ max
(V) (V) <mA> <mV) (mV) (we) (MC)

10 44 4 0.2 0.5 2 5
1o 44 :r 0.2 0.5 2 5
10 36 1.5 0.4 l - 25
10 36 1.5 — 0.5 5
10 35 2.5 - 0.5 - 5
1D 36 1.5 - 0.5 - 5
1B 36 2.5 - 50 — ~

4.5 16 0.2 0.4 1 — —
3 18 0.04' — 5 0.7 .
3 18 0.6 — 5 2 ~
3 1B 4 - 5 5
3 10 B 0.4 1.2 2
5 10 2.2 1 2 1.3 5
1.4 16 0.05 0.18 0.6 1 -
2 12 0.25 — 4.5 7
2 12 2 — 4.5 T
4 44 B 2 5 5 -
5 16 15 2 5 10 -
4 36 10 3 8 10 ~
2 22 1 2 5 4 ~

5 15 0.4 1.5 4 -
2 20 0.5 1 5 - —
2 20 0.? 1.8 10 20 -
3 18 2.5 - 5 5
1 18 2.5 - 5 5 -

5 33 2 0.001 0.005 0.02 0.05

6. 33 0.5 0.001 0.005 0.02 0.05
5 16 0.5 0.001 0.005 0.05 -
4.5 16 0.2 — 0.005 0.02 0.05
5 32 0.6 0.007 0.015 0.05 0.15
4 16 0.6‘ 0.005 0.015 0.05 0.1 5
7 32 1.5 0.01 0.01‘ 0.1
4.5 16 0.3 — 0.05 . 0.4 0.3

4.8 16 1.5 0.51.11! 0.005 0.01 0.05
4.3 16 2 0.501! 0.005 0.01 0.05
4.5 16 3.5 0.002 0.005 0.1 -

4,5 16 3 0.71.11! 0.005 0.02 0.1
5 16 3.5 0.002 0.005 0.1 -

5 16 2.5 0.701! 0.005 0.01 0.06
'7 32 1.5 - 0.01 - 0.3

Current

Bias
max

mm

0.05
10.05

001A

0.025
0.05
0.001

1 01A

6010'

1 1311'
1113At
10A'
0.751131I

20pA
0.7pA‘
0.03

0.03
0.04
0:03
0.03

0.005
0.01

0.001
0.005
0.05
0.05

0.03
0.03
0.05
0.05
0.05
0.0?
0.1
0.1
0.03.
0.03
0.01
0.01
0.03
0.03
0.1

en
Offset @1 kHz
max ty
(nA) nV/ Hz

001 15
001 15

EMA 50

2pA1 30
0.5pA' 10
- 35

1001 40

1001‘ 70

1pAl 70
1pAl 30
1pA‘ 25
01pA‘25

20pA 22

0.1;:11l 63
0025 -
0025100
002 40
002 72

001 40
0004 52

0005

0.5pA —
0004 —
003 100
003 100

005 11i
005 111
a 2]

05pm 41
0.1 53
002 10
01 001

05pA‘ 0
000 L0
003 L0

5911[ 2
002 2

25pA‘ 07
004 00
01 031



 

Type

OP-15E
OP-16E
AD515L
AD542L
AD544L
ADS45L
|CH8500A

OP-BOE
TLC 27 LEA

TLC 27 MEA
TLCEYZA
"IICZTQC
LMCGBDA
TLC1 0780
ALD1 701
ALD1 702

CA3140A

CA3160A
CA341 0A
CA3420A

CA5160A
CA5420A
CA5422
|CL76128
iC L7641 B

MAX42OE
MAX422E
LMCGGBA
TSCQOOA
TSCQO1
TSCQ11A
TSCQ15
TSC918
LTC1050
LTC1052
|CL7650
|CL76508
ICL7652
ICL7652S
TSC76HV52

Slew

ratee 1T
tVP tVP

(V/ps) (MHZ)

17 6
25 8

1 0.4
3 1

13 2
1 0.7
0.5 0.5

0.4 0.3
0.04 0.1
0.6 0.7
4.5 2.3
4.5 2.3
1.? 1.5
0.05 0.11
0.7 0.7
2.1 1.5

T 3.?
10 4
1D 5.4
0.5 0.5

10 4

0.5 0.5
1 1
1.6 1.4
1.6 1.4

0.5 0.5
0.13 0.13
2.5 1
0.2 0.7
2 0.8
2.5 1.5
0.5 0.5
0.2 OJ
4 2.5

4 1.2
2.5 2
2.5 2

0.5 0.4

1 0.5

0.5 0.5

min

(dB)

86
86
70
80
8O
76
60

60
70
7’0
70
65
72

T5
65
65

70
80 l

80
60

60
60
60

120
120
120
110
120
110
120
96

120

120

110
120

111]
120
120

min

(dB)

86
86
74

80
8O

74t

150
70
70
65
65
80
75
65
65

76

so

70

60

70
70

120

120
120
120
120
112
120
105
125

120
120
120

110
120
120

min

(d B)

100
100
94

110
94
92

100I

1 00
90
86
80
60

I 1 2
1 14

90
94

BE
94
BB

90
85
80
60
30

120
120

120
120
120

116
120
100
130
120
120
136

120
136
120

Max

(mA)

15
20
10
10
15
10
10

+2,-15
+02;B
+5515

35

3.5
10

+3r20

+5.45
+5r20
+4,—20

+5r20
+4p20

10

Max
CMRR PSRR Gain output diff’l

curr inputt
(V)

40
40
20
20
20
20
0.5

16
16
16
16
18
16
16
12
12

16
15

15
15
1B
16

33
33
15
16
36
16
36
16
16
16
16
16

16
16
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Swing to
supplies?9

In Out

+

ili‘ii

—+

I9O0

Comments

precision fast 355
precision fast 356 (OP—17=decomp)
very low bias, precision
precision
precision, low noise
precision
ultra low bias

electrometer; ID<20pA @ 125°C
CMOS jellybeans
CMOS jellybeans
CMOS jellybeans

best VOS of 272-series
quad CMOS jellybean
low offset

rail-to-rail; specs @ +5V supply
rail-to-rail; specs @ +5V supply

MOS in/out (3130=uncomp)

high speed 324-type replacement
low lb, good input protec.
CMOS output
similar to 3420

unusual 2-section design
programmable; in/out to both rails
gen purp, low voltage

:15V V; 0.1 pV/mo; 430 has Cim
:15V V 0.1pV/mo; 432 has Cint

low power
:15V supply; int caps
int caps, noisy
:15V supply
inexpensive
int caps; 50nV/\/month
improved 7652; 0.1pV/month
0.1pV/month
improved 7650; 0.1pV/month
0.15pV/month

improved 7652; 0.15pV/month

:15V supply 205



TABLE 4.1 (cont’d)

Total Voltage

"n13 SUPPIY . Current
# per E .E voltage Supp Offset Drift en
pkg” 3 g, .— curr Bias Offset @1kHz
— .E g 5 mIn max max typ max typ max max max ty

Type Mfga 1 2 4 I- III E (V) (V) (mA) (mV) (mV) (uV/ C) (uV/°C) (nA) (nA) nw Hz

HIGH VOLTAGE
LM348 NS ' - - - - 1 10 63 5 2 B 40 10 35
LM344 NS ' - — ' ' U 10 63 5 2 8 - - 40 1O '35

OPA4458 BB ° — - D 4 'l 20 100 4.5 1 3 10 - 0.05 0.01 16
1436 MO+ - - - ' - 1 10 80 5 5 10 - - 40 10 50

HA2645 HA - - — - - 1 20 80 4.5 2 6 15 - 30 30 so
3580 BB - — - - —- 1 30 70 10 10 — 30 0.05 — 15

3581 BB ' * - . - 1 64 150 8 3 7 25 0.02 0.02 25
3582 BB - - — . - 1 140 300 6.5 - 3 — 25 0.02 — 25
3583 BB - - - - — 1 100 300 8.5 - 3 - 25 0.1 0.1 50

3584 BB 0 7 - - ' U 140 300 6.5 3 - 25 0.1 0.1 50

MONOLITHIC POWER
LM12 NS ~ — — - - 1 20 80 80 2 7 50 300 100 50

OPA541B BB - — — 1 2 0 80 25 0.1 1 15 30 I13.05 0.03 50‘

LM675 NS ' - - - - 10 16 60 50 1 10 25 211A 500
561113 SG — - - 1 1 0 50 20 2 4 30 500 150

{a} manufacturers are as follows (a "+" suffix designates multiple sources):
AD - Analog Devices HO - Honeywell RC - GE/RCA
AL - Advanced Linear Devices HS - Hybrid Systems RO - Rockwell
AM - Advanced Micro Devices ID - Integrated Device Technology SG - Silicon General
AN - Analogic lL - GE/lntersil SI - Siliconix
AP - Apex IN - Intel SN - Signetics
BB - Burr-Brown IR - International Rectifier SO - Sony
BT - Brooktree KE - M.S.Kennedy Corp ST - Supertex
CL - Comlinear LT ' Linear Technology Corp Tl -Texas Instruments
CR - Crystal Semiconductor MA - Maxim TM - Telmos
CY - Cypress MN - Micro Networks TO - Toshiba
DA - Datel MO - Motorola TP - Teledyne Philbrick
EL - Elantec MP - Micro Power Systems TO 7 TriQuint
FA - Fairchild (National) NE - NEC TR - TRW
FE - Ferranti NS - National Semiconductor TS - Teledyne Semiconductor
GE - General Electric
GI - General Instrument
HA - Harris
Hl - Hitachi

OE - Optical Electronics Inc
PL ~ Plessey
PM - Precision Monolithics

RA - Raytheon

VT - VTC
Xl . Xicor
XFl - Exar

Zl - Zilog
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Swingto
supplies?9

Slew Max Max —

rate‘5 {1- CMRR PSRR Gain output dift‘l In Out
typ typ min min min curr input' —

Type (V/ps) (MHz) (dB) (dB) (dB) (mA) (V) + _ -i- — Comments

LM343 2.5 1 T0 74 9? 1D 63 - - - - monolithic

LM344 30 it] 70 M 97 1D 63 - ~ - - uncomp 343

DPEiddSB 10 2 80 80 100 15 BO — — — — low-bias, monolithic
1436 2 ‘l 70 80 9? 1D 80 - - — - monolithic
HAZE-i5 s 4 74 ii 100 10 a? — — — — monolithic

3556 15 5 86‘ 37' 1061 60 re — — - - hybrid
3551 20 5 110‘ 105‘ 112l an 150 ~ ~ - ~ hybrid
£532 20 5 110‘ 1051 113' 15 300 — — - - hybrid
3533 30 5 110' 34‘ 94 75 300 — — — — fast JFET, hybrid
3554 150 20 110' 34' 100 15 300 — — — — uncompJFET, hybrid

LM12 9 0.7 75 80 94 10A 80 — — — — full output protection
OPA54lB 10 1.6 95 100 90 10A 80 — — — — isolated case; no int. protec.
LM675 8 5.5 70 70 70 3000 60 — — — — full output protection
SG1173 0.8 1 76 80 92 3500 50 — — — — thermal shutdown

"’3 the symbol 0 indicatesthe number of op-amps per package for the part number shown; an " A indicates the
availability of other quantities of op-amps per package from the same manufacturer; some electrical
characteristics (particularly offset voltage) may be degraded somewhat in multiple packages.

[cl pins are provided for external compensation.
M a number gives the minimum closed-loopgain without instability. Op—amps with pins for external compensation

can generally be operated at lower gain, if an appropriate ext comp network is used. The letter U means that
the op—amp is uncompensated— external capacitance is necessary for any small value of closed-loopgain.

lei at minimum stable closed-loop gain (usually unity gain), unless otherwise noted.
”3 the maximum value without damageto the chip: not to exceedthe total supply voltage used. if that is less.
{9’ a dot in an IN column means thatthe input operating common-mode range includes that supply rail;

a dot in an OUT column means that the op-amp can swing its output all the way to the corresponding supply rail.
in] resistor-diode network draws input current for input differential greater than if V.
(J) “V pp, 0.1-10Hz.
“‘4 current-sensing inverting input ("current feedback" configuration);the bias currents at the two inputs may differ

widely. The listed bias current is for the non-inverting input.
“l "raw"output (no current limit) available at pin 8. in addition to the conventional (protected)output at pin 6;

the latter is limited to i15mA.

[ml min/max (worst case).
“3 typical.
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A DETAILED LOOK AT OP-AMP BEHAVIOR

4.12 Effects of op—amp limitations on circuit behavior

op-arnps 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- on 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"

In its untiring quest for better and tancierchips, the semiconductor industry can sometimes cause
you great pain. It might go something like this: You've designed and prototyped a wonderful new
gadget; debugging is complete, and you‘re ready to go into production. When you try to order the
parts, you discover that a crucial iC has been discontinued by the manufacturer! An even worse
nightmare goes like this: Customers have been complaining about late delivery on some instrument
that you've been manufacturing for many years. When you go to the assembly area to find out
what's wrong, you discover that a whole production run of boards is built, except for one IC that
"hasn't come in yet." You then ask purchasing why they haven't expedited the order; turns out they
have, just haven‘t received it. Then you learn from the distributor that the part was discontinued six
months ago, and that none is available!

Why does this happen, and what do you do about it? We've generally found four reasons that
ICs are discontinued:

I. Obsolescence: Much better parts come along, and it doesn't make much sense to keep making
the old ones. This has been particularly true with digital memory chips (e.g.. small static RAMs and
EPROMs, which are superseded by denser and faster versions each year), though linear ICs have
not entirely escapedthe purge. In these cases there is often a pin-compatible improved version that
you can plug into the old socket.
2 Not selling enough: Perfectly good ICs sometimes disappear. If you are persistent enough, you
may getan explanationfrom the manufacturer— "there wasn't enoughdemand," or some such story.
You might characterize this as a case of "discontinued for the convenience of the manufacturer."
We've been particularly inconvenienced by Harris's discontinuation of their splendid HA4925 - a
fine chip, the fastest quad comparator, now gone, with no replacement anything like it. Harris also
discontinued the HA2705 — another great chip, the fastest low—power op—amp, now gone without a
trace! Sometimes a good chip is discontinued when the wafer fabrication line changes over to a

largerwafer size (e.g., from the original 3” diameter wafer to a 5” or 6” wafer). We‘ve noticed that
Harris has a particular fondness for discontinuing excellent and unique chips; Intersil and GE have
done the same thing.

3 Lost schematics: You might not believe it, but sometimesthe semiconductorhouse loses track of
the schematic diagram of some chip and can't make any more! This apparently happened with the
Solid State Systems SSS-4404CMOS 8-stage divider chip.

4. Manufacturerout of business: This also happened to the SSS-4404!

If you're stuck with a board and no available IC, you've got several choices. You can redesign
the board (and perhaps the circuit) to use something that is available. This is probably best if you're
going into production with a new design or if you are running a large production of an existing board.

A cheap and dirty solution is to make a little "daughterboard" that plugs into the empty IC socket
and includes whatever it takes to emulate the nonexistent chip. Although this latter solution isn't

terribly elegant, it gets the job done.
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Chapter 4

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

culrent, and reduced current gain, whereas
the lower limit of operating current is lim-

ited by leakage culrent, reduced culrent
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 (higher 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
in order to give you a good understanding
of the trade-offs involved.

EXEFUSE 4.6

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

Z,“ 2 105 ohms.

4.13 Low-power and

programmable op-amps

For battery-powered applications there

is a popular group of op-amps known as
"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 to operate over a wide range
of supply currents, typically from a few
 

POPULAR 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 familiar with it, and you have a hit. Here is a list (f some
popular favorites of recent times:

301 First easy-to-useop-amp;first use of "lateralpnp." Externalcompensation. National.
741 The industry standard for many years. Internal compensation. Fairchild.

1458 Motorola's answer to the 741 ; two 7415 in a mini-DIP,with no offset pins.
308 National's precision op-amp. Low power, superbeta, guaranteeddrift specifications.

324 Popular quad op-amp (358=dual, 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?)

TL081 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 (LF441/2/4).
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microamps to a few milliamps. The

slew rate, gain-bandwidth product fT,
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

A DETAILED LOOK AT OP—AMP BEHAVIOR

4.13 Low-power and programmable op-amps

even comes in duals and triples (the 8022

and 8023, respectively). As an example of

the sort of performance you can expect for
operation at low supply currents, let‘s look

at the 4250 running at lOuA. To get that

operating current, we have to supply a bias
current of 1.5uA with an external resistor.

When it is operated at that current, fT is
75kHz, the slew rate is 0.05V/us, and the

input bias current [5 is 3nA. At low op-
erating currents the output drive capabil-
ity is reduced considerably, and the open-

loop output impedance rises to astound-
ing levels, in this case about 3.51:. At low

THE 741 AND ITS FRIENDS

Bob Widlardesigned the first really successful monolithic op-amp back in 1965, the Fairchild nA709.
It achieved great popularity, but it had some problems, in particular the tendencyto go into a latch-up
mode when the input was overdriven and its lack of output short-circuit protection. It also required
external frequencycompensation (two capacitors and one resistor) and had a clumsy offset trimming
circuit (again requiring three external components). Finally, its differential input voltage was limited
to 5 volts.

Widlar 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, 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. 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
ademonstration of man's instinct to clutch onto the coattails of the famous (see Table 4.1 for a more
complete listing).

 

Single units Dual units Quad units
7418 fast (WV/us) 747 dual 741 MC4741 quad 741(alias 348)
MC741N low noise OP-04 precision OP-l l precision
0P-02 precision 1458 mini-DIP package 41 36 fast (3MH2)
4132 low power (SSuA) 4558 fast (I SV/us) HA4605 fast (4V/p,s)
LF13741 FET low input current TL082 FET, fast (similar TL084 FET, fast (similar
748 uncompensated to LF353) to LF347)
NES30 fast (2 SV/ILS) LF412 FET, fast
TL081 FET, fast (similar to LF351)
LF4ll FET, fast
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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 supply voltage, but the claimed
minimum supply voltages of op-amps may
not be terribly relevant in an actual circuit,
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 voltage (down to IV for

the TLCZS 1) and, for the astounding 3440,

operation at quiescent currents down to
20 nanoamps. The 7612 and 251 use a
variation of the usual programming

 

scheme; their quiescent current is pin-

selectable (IO/AA, lOOuA, or lmA),
according 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 LMlO, an op-amp that is fully

specified at 1 volt total supply voltage
(i0.5V, for example). This is extraordi-

nary, considering that VBE increases
with decreasing temperature and is
close to 1 volt at —SS_°C, the lower limit

of the LMlO’S operating range. Some
other excellent "micropower" op-amps

(and their operating currents) are the

precision OP-20 (40uA), OP-90 (lZuA),

and LT1006 (90pA), the inexpensive quad

LP324 (ZOMA per amplifier), the JFET
LF441/2/4 (lSOuA per amplifier), and
the MOSFET TLC27L4 (10pA per ampli—
fier).

output
— 1.0V/decade

Figure 4.35. Logarithmic converter. Q1 and Q2 compose a monolithic matched pair.
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TABLE 4.3. HIGH-VOLTAGE OP—AMPS

4.14 Logarithmic amplifier 213

Total supply Difl'l E Slew Output Pd,” E
— inputb 8 1T rate current (50°C) E
min max max g:- typ typ max max E

Type Mfga (V) (V) (V) un- (MHz) (V/us) (mA) (W) I— CaseC Comments

LM675 NS 20 50 50 — — 5.5 B 3000 40 ' TO-220 monolithic pwr op-amp
LM343 NS 10 68 EB — ' 1 2 20 0.6 — TO-99 superbeta
LM34-l NS 10 68 68 ° - 1 30° 20 0.6 - TO-99 superbeta
3580 BB 30 70 70 - - 5 15 50 4.5 ' TO-31

LM12 NS 20 30 30 7 7 0.7 9 10000 90 - TO-S monolithic high-power

PA19 AF' 30 .80 do - + 100° 650" 5000 m - TO-31 VMOS output
OPASII'I BB 20 80 80 - — 2 10 10000 90 - TO-31 monolithic high-pwr
M61436 MO 10 80 80 — - 1 2 10 0.6 - TO-99 original, still good
1460 TP 30 80 6 ‘ . 1000IE 3003 150 2.5 - TO-3 VMOS output
1461 TP 30 80 25 0 - 1000“ 1200.3 2'50 — P-DIP VMOS output
'1fl63 TP 30 BO 25 - ' 1? 155 1000 40 - TO-S fast unity-gain cornp
HMEdE HA 20 80 74 0 ' 4 5 10 0,6 ' TO-99 same as Philbrick 1332
OPA445 BB 20 100 80 - ' 2 10 15 0.6 - TO-99 monolithic; miniDlP also
1481 TP 30 150 150 ' 7 ' 4.5 25 ED 15 H TO-S current limit
358! BB 65 150 150 ° — ' 5 20 30 4.5 ' TO-31

PAM AP 30 200 20 ° ' - 2 50 20000 160 — P-DIP VMOS output; curr lim
1480 TP 30 300 450 ' — ' 20 100 80 ' TO-3
3582 BB 140 300 300 " - ' 5 20 '15 4.5 ‘ T031

3583 BB 80' 300 300 ° - - 5 30 75_ 10 - TO-3
3534 BB 140 300 300 - - - 2::‘3 1503 15 4.5 - TO-3
'FAOBV AP 30 340 5'0 ' i ' 5 30 150 15 ' TO-S‘l low V05, low en

PASS AP 30' 450 25 ' ' i 1d 303 100 12 - TO-31 low IQ, V05, en, VMOS
PASS AP 30' 450 25 ' ° ' 20” 10009 200 28 ~ TO-31 low V05, low en. VMOS

‘31 see notesto Table 4.1. "’1 not to exceed total supply voltage. l" "I" = isolated. id} when oomp for G>10. ‘9'] when oomp for G>1oo.
 

A DETAILED LmK KT 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.

4.14 Logarithmic amplifier

The circuit shown in Figure 4.35 exploits
the logarithmic dependence of V55 on

Io to produce an output proportional to
the logarithm of a positive input voltage.

R1 converts Vin to a current, owing to
the virtual ground at the inverting input.

That cun‘ent flows through Q1, putting

its emitter one VBE drop below ground,

according to the Ebers-Moll equation. Q2,
which operates at a fixed current, provides
a diode drop of correction voltage, which
is essential for temperature compensation.
The current source (which can be a 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

second op-amp is a noninvelting 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 VB E increases
60mV per decade of collector current).

Some further details: Ql’s base could
have been connected to its collector, but
the base current would then have caused

an error (remember that [C is an accurate

exponential function of VBE). In this
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TABLE 4.4. POWER OP-AMPS

0

f; E iymplv- SR pwr yawn}1: —

Type Mtg‘EEE Pkg” '(A‘i‘ W? "(W 79W (Vyus) (NYHZ) (kHz) (mV) (”V/“0) (uVNV)

PA03 AP — . - PD 30 15 75 500 10 5 7o 3 30 20'
PA04A AP — . — PD 20 15 100 200 50 2 90 5 30 10'
0PA512 BB ——— 31 15 10 50 125 4 4 20 3 40 20'
LM12 NS - —— 3 10 10 40 90 9 0.7 60 7 50 50

OPA501 BB ——— 31 10 10 40 80 1.4m 1 16 5 40 35'
0PA5128 BB ——— 31 10 10 50 125 4 4 2o 6 65 20'
OPA541B BB - - — 31 10 10 40 90 10 2 55 2 30 60
1468 TP —— — 3 10 10 50 125 4 4 20 6 65 20'
PA19A AP — - — 31 5 15 40 70 900 100 3500 0.5 10 20'
0PA511 BB ——— 31 5 10 30 67 1.8 1 23 1o 65 20'
PA09A AP — . . 31 4 10 40 78 400 75 2500 0.5 10
861173 SG - -- 220 3.5 5 25 20 0.8 1 4 30
LM675 NS - —— 220 3 8 30 40 8 5.5 10 25' 25'
LH0101 NS — - — 3 2 5 20 62 10 5 300 3 10' 150'
3572 BB — . — 31 2 15 40 60 3 0.5 16 2 40 20'
3573 BB — — - 31 2 10 34 45 1.5 1 23 10 65
LH0021 NS — -— 3 1 5 15 23 3 1 2o 3 25 15
MSK792 KE 4,. 3 1 5 22 5 2 1 11 0.1 2
1463 TP — . ~ 3 1 15 40 40 165 17 5 20'
1461 TP — . . PD 0.75 15 40 1200“ 1000" 5 50

LH0061 NS __- 3 0.5 - 15 20 7o - 1000 4 5t 5'
WA01A AP — — - 31 0.4 12 16 10 4000 1000 150000 5 25 10'
CLC203 CL — —_ PD 0.2 9 20 6000 5000 60000 1.5 15
1460 TP W- 3 0.15 15 40 2.5 300“ 1000“ 1500 5 50
35543 BB — . - 31 0.15 5 18 5 1200 100 19000 1 15
HA2542 HA - — - D 0.1 5 15 1.6 375 120 4700'" 10'" 20

LI-I41o1 NS — . - D 0.1 - 15 4 250 28 — 15 25’
LI-I4104 NS _ . - c 0.1 - 15 2.5 40 18 - 5 20'
1480 TP — . . 3 0.08 15 150 100 20 120 3 100
1481 TP — - . 3 0.08 15 75 15 25 4.5 50 3 25
CA3450 RC - — 1 D 0.08 - 7 1.5 420 190 10000 15
3583 BB — . - 31 0.08 40 140 10 30 5 60 3 23
OP—50E PM - — - D 0.07 5 18 0.5 3 25 20 0.03 0.3
3580 BB - - 1 31 0.06 15 35 4.5 15 5 100 10 30
AMP-01E PM ~ — - D 0.05 5 15 0.5 4.5 1 20 0.05 0.3
3581 BB — - - 31 0.03 32 75 4.5 20 5 60 3 25
358214 BB —° ° 0.02 70 150 4.5 201150 7 301135 3 25

(a! see Table 4.1 notes. (”1 3 — TO-3; 220 _ TO-220; PD — power DIP; D — DIP; I — isolated; C — metal can.
“‘1 current limit: T— thermal limit; E —external adjust. "7" min or max. in typical. {u} uncompensated.

B
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Type

PA03
PA04A
OPA512
LM12
OPA501

OPA51ZB
OPA541 B
1468
PA19A
OPA51 1
PA09A
SG11 73
LM675
LH0101
3572
3573
LH0021
MSK792
1463
1461
LH0061
WA01 A

CLC203
1460
3554B
HA2542
LH4101
LH4104
1480
1481
CA3450
3583
OP-50E
3580
AMP-01 E
3581
358214

A DETAILED LOOK AT SELECTED OP-AMP CIRCUITS

4.14 Logarithmic amplifier

 

Ib(maxi@
— V881

25‘c TmEIx —
(0A) (0A) (V) @ (A)

0.05 50 7 30
0.02 - 7.5 15

20 15 7 15
300 150 a 10

20 15 7 10
30 — 6 10

0.05 40 4.5 5

30 5 6 10
0.05 50 5 4

40 30 5 5
0.02 20 8 2

500 300 6 2

211A 10 3.5
0.3 300 5 2
0.1 100 5 2

40 30 5 2
100 35 4 1

100 100- 3.5 1
0.2 200 3 1

0.1 100 9 0.5
100 35 5 0.5

100A 5 0.4

200A 200A 4 0.2
100A - 5 0.15
0.05 50 5 0.1

35pA - - —
0.5 500 - -
0.6 25 5 0.1

0.2 200 10 0.03
0.1 100 5 0.03

350 ‘- 2 0.05
0.02 20 10 0.03

5 7' 2 0.03
0.05 50 5 0.05

3 10' 2 0.03
0.02 20 5 0.03

0.02 20 5 0.02

ls (1pr
I|Il'l"lC

(PS) to 1%) (A)

2 0.1 T
2.5 0.1 E
2 0.1 E

13
E

2 0.1 E
2 0.1 E

2 0-1 E
1,2 001 E
2 11.1 E
0.3 0.1 4.5

3.5
4

2 0.01 E
E
E

4 0.1 E
E

0.25 0.1 E
0.4 0.1 E
0.8 0.1 E
0.02 0.1

15n5 0.2 E
1 0.1 0.25

0.2 0.01 0.15
0.1 0.1 -
0.3 0.1 -
0.5 0.01 7
1.5 0.01 0.13
7.5 0.1 0.13

35ns 0.1 ~
12 0.1 0.1

30 0.01 0.06
12 0.1 0.1
15 0.01 0.06
12 0.1 0.05
12 0.1 0.03
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ermallimit
Comments

a mighty brute
high voltage brute
PA-12 similar

PA-51 similar

monolithic JFET

VMOS output, wideband, prec
PA-01 similar
fast

PA-02 similar

PA-07 similar; 3571 to 1A
PA-73 similar

ext comp

VMOS output
VMOS output; ext comp
ext comp

fast settle, wideband, prec
VMOS output; ext comp
fast

decomp (G>2)

LH4105 has V9303“!
high voltage

video amp
high voltage
low noise, precision

low noise, prec inst amp

high voltage
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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 Q2 should be a 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

(lnA to lOmA, 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 Vin may be as small as
a few tens of microvolts at the lower limit

of current. If possible, it is better to use a

current input to this circuit, omitting R1

altogether.

The capacitor C1 is necessary to stabi-
lize the feedback loop, since Q1

contributes voltage gain inside the loop.

Diode D1 is necessary to prevent base-
emitter breakdown (and destruction) of Q1
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 Q1 is
wired as a diode, i.e., with its base tied to
its collector.

Temperature compensation of gain

Q2 compensates changes in Ql’s VBE drop
as the ambient temperature changes,

but the changes in the slope of the

curve of V3 E versus 10 are not compen-
sated. In Section 2.10 we saw that the

“60mV/decade” is proportional to abso—
lute temperature. The output voltage of

this circuit will look as shown in Figure

4.36. Compensation is perfect at an input

current equal to ID, Qz’s collector current.
A change in temperature of 30°C causes a
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1111A

Figure 4.36

10% change in slope, with corresponding
error in output voltage. The usual solu-

tion to this problem is to replace Hg with
a series combination of an ordinary resis-
tor and a resistor of positive temperature

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 118 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
compensation. 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
118 resistor (+0.67%/°C tempco) for thermal
slope compensation. Choose values so that
Vent = +1 volt per decade, and provide an
output offset control so that Vout can be set to
zero for any desired inputcurrent(do this with an
inverting amplifier offsetcircu it, not by adjusting
Io).



A DETAILED LOOK AT SELECTED OP-AMP CIRCUITS

 

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.

Vm———1HriI:—————'Vam
I“

Figure 4.37

This method has some serious problems.
The input impedance is variable and is
very low during peaks of 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). An input emitter follower
would improve the fiist 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.

Figure 4.38. Op-amp peak detector.

4.15 Active peak detector
217
  

 
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 (V0 — V_)/S,
where V. is the negative supply voltage
and V0 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 FJTl 100, with less
than lpA 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). (c) The maximum op-amp

output current limits the rate of change of

voltage across the capacitor, i.e., 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 1,u.F capacitor used in
this circuit with the common 74] (which
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would be a poor choice because of its high
bias current) would droop at dV/dt =

J's/C = 0.08V/s and would follow input
changes only up to dV/dt = {output/C =
0.02V/us. This maximum follow rate is
much less than the op-amp's slew rate of

0.5V/gs. being limited by the maximum

output cun‘ent of 20mA driving lpF. By
decreasing 0 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. ZOmA

output current) and a value of C = 0.01 ,uF.
With this combination you would get a
droop of only 0.006V/s and an overall

circuit slew rate of 2V/,us. For better
performance, use a FET op—amp like the

CPA] 11 or AD549, with input currents of
1pA or less. Capacitor leakage may then

limit performance even if unusually good

capacitors are used, e.g., polystyrene or
polycarbonate (see Section 7.05).

|:| 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

0169

voltage on the capacitor follows a rising

input waveform: 1C1 charges the capaci—
tor through both diodes and is unaffected

by ICg’s output. When the input drops

below the peak value, 1C1 goes into neg-
ative saturation, but 1C2 holds point X
at the capacitor voltage, eliminating leak-

age altogether in D2. DI’S small leakage

current flows through R1, with negligible
drop across the resistor. Of course, both
op-amps must have low bias current. The

OPAlllB is a good choice here, with its
combination of precision (V05 = 250;4V,
max) and low input current (1pA, max).

This circuit is analogous to the so-called
guard circuits used for high—impedance or
small—signal measurements.

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 rectifier

circuit (Section 4.10), the journey from
negative saturation can take a while (e.g.,

lps—Zps for the LF411). This may restrict

your choice to high-slew-rate op-amps.

47k

cu: 
0.01M:

polystyrene

Figure 4.40

I] Resetting a peak detector

In practice it is usually desirable to reset
the output of a peak detector in some way.
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One possibility is to put a resistor across

the output so that the circuit's output

decays with a time constant RC. In this
way it holds only the most recent peak

values. A better method is to put a

transistor switch across C; a short pulse

"31 ~15v

 
  

  
 

time

capacitor
voltage

acquisitionT

4.15 Active pmk detector

to the base then zeros the output. A FET
switch 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

output

 charge
injection
("hold step")

droep
 

 

 

30k

 output

0.001uF
(external)

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-hold and the follower cause C's voltage to

"droop" during the hold interval. accord—

ing to dV/dt = [lemmas/C; Thus 0 should
be large to minimize droop. But Ql’s ON

resistance forms a low—pass filter in com—
bination with C, so C should be small if

high-speed signals are to be followed ac-
curately. 1C1 must be able to supply C’s

charging current 1 = CdV/dt and must
have sufficient slew rate to follow the in-

put signal. In practice, the slew rate of

the whole circuit will usually be limited by

IC1’s output current and Ql’s ON resis-
tance.

Closely related to the peak detector is the

"sample-and-hold" (S/H) circuit (some—
times called "follow-and-hold"). These are

especially popular in digital systems, where

you want to convert one or more analog
voltages to numbers so that a computer

can digest them: The favorite method is

to grab and hold the voltage(s), then do
the digital conversion at your lcisurc. The
basic ingredients of a 8/11 circuit are an

op-amp and a FET switch; Figure 4.41A
shows the idea. 1C1 is a followerto provide

a low—impedance replica of the input. Q1

passes the signal through during "sample"

and d1sconnects 1t dur1ng hold. EXERCISE 4.8
Whatever 515593“ was present when Q1 was Suppose lcl can supply 10mA of output cur-
turned OFF 1s held on capac1tor C. 1C2 rent, and C’ = O-OIHF- What is the maximum
)3 a high—input—lmpedance follower (FET inputslew rate the circuitcan accuratelyfollow?
inputs), 50 that capac1tor current dur1ng If Q1 has 50 ohms ON resistance, what will be
"hold" is minimized. The value of C is the output error for an input signal slewing at
a compromise: Leakage currents in Q1 DAV/us? If the combined leakage of Q1 and

El DIELECTRIC ABSORPTION

Capacitors are not perfect. The most commonly appreciated shortcomings are leakage (parallel
resistance), series resistance and inductance, and nonzero temperature coefficient of capacitance.
A more subtle problem is dielectric absorption, an effect that manifests itself clearly as follows: Take
a large-value tantalum capacitor that is charged up to 10 volts or so, and rapidly discharge it by
momentarily putting a 100 ohm resistor across it. Remove the resistor, and watch the capacitor‘s
voltage on a high-impedance voltmeter. You will be amazed to see the capacitor charge back up,
reaching perhaps a volt or so after a few seconds!

The origins of dielectric absorption (or dielectric soakage, dielectric memory) are not entirely
understood, but the phenomenon is believed to be related to remnant polarization trapped on
dielectric interfaces; mica, for example, with its layered structure, is particularly poor in this regard.
From acircuit point of view, this extra polarization behaves like asetof additional series RCs across
the capacitor (Fig. 4.42A), with time constants generallyin the range of z100ps to several seconds.
Dielectrics vary widely in their susceptibility to dielectric absorption; Figure 4.42B shows data for
several high-qualitydielectrics, plotted as voltage memory versus time after a 1 0 volt step of 100m
duration.

Dielectric absorption can cause significanterro rs in integrators and other analog circuits that rely
on the ideal characteristics of capacitors. In the case of a sample/hold followed by precision analog—
to-digital conversion, the effect can be devastating. In such situations the best approach is to choose
your capacitors carefully (Teflon dielectric seems to 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 R03 to electrically cancel the capacitor's internal dielectric absorption.
This approach is used in some high-quality sample/hold modules made by Hybrid Systems.
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lC2 is 1nA, what is the droop rate during the
“hold" state?

For both the sample/hold circuit and

the peak detector, an op-amp drives a
capacitive load. When designing such
circuits, make sure you choose an op-

amp that is stable at unity gain when

loaded by the capacitor C. Some op-amps,
(e.g., the LF355/6) are specifically designed

to drive large (0.01pF) capacitive loads

directly. Some other tricks you can use are
discussed in Section 7.07 (see Fig. 7.17).

DJ

polyI propylene

polystyrenevoltagememory.% O O _.

tefion.

0.001
lous
 

10msloous 1ms

time after pulse
B

lbirrsllrg.4fiiddel Te'fiie‘fik‘firaehsfiiglfigfiié’s‘ fil’éaecxli
eral dielectrics. (AfterHybrid Systems H89716
data sheet.)

You don't have to design S/H circuits
from scratch, because there are nice mono-

lithic ICS that contain all the parts YOU
need except for the capacitor. National's

LF398 is a popular part, containing the
FET switch and two op-amps in an inex-

pensive (32) 8-pin package. Figure 4.4113
shows how to use it. Note how feedback

closes the feedback loop around both op-

amps. There are plenty of fancy S/H chips

4.18 Absolute-value circuit

' nut

 
 

——r

Figure 4.44

available, if you need better performance

than the LF398 offers; for example, the
AD585 from Analog Devices includes an

internal capacitor and guarantees a max-

imum acquisition time of 3M5 for 0.01%
accuracy following a 10 volt step.

[I 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 out ut
at positive saturation, and vent = in-

When Vin 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).

[I 4.18 Absdiute-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 a full-wave rectifier.
As usual, the use of op-amps and feedback
eliminates the diode drops of a passive
full-wave rectifier.

output

Figure 4.46

EXERCISE 4.9

Figure out how the circuit in Figure 4.45 works.
Hint: Applytirstapositiveinputvoltage, and see
what happens; then do negative.

Figure 4.46 shows another absolute-
value circuit. It is readily understandable

as a simple combination of an optional
inverter (1C1) and an active clamp (1C2).

0173

For positive input levels the clamp is

out of the circuit, with its output at
negative saturation, making 1C1 a unity-
gain inverter. Thus the output is equal

to the absolute value of the input voltage.

By running 1C2 from a single positive

supply, you avoid problems of slew-rate
limitations in the clamp, since its output

moves over only one diode drop. Note that
no great accuracy is required of R3.

Figure 4.47. Integrator.

4.19 Integrators

Op-amps allow you to make nearly perfect
integrators, without the restriction that

Vim << Vin. Figure 4.47 shows how it's

done. Input current Vin [R flows tln‘ough
C. Because the inverting input is a viitual
ground, the output voltage is given by

Tim/R = —C(dV0ut/dt)
01'

1

V0.“ = fi / Vin dt + constant
The input can, of course, be a current,
in which case R will be omitted. One

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

dc, 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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4.48. 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 LF4l l (25pA

typical bias current) trimmed to a voltage
offset of 0.2mV and used in an integrator

with R =10Mfl and C = IOMF 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 R2

across C to provide dc feedback for sta-
ble biasing. The effect is to roll off the
integrator action at very low frequencies,

f < l/RzC. Figure 4.48 shows integrators
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 lOMQ 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

+15fl— reset
_i—715n‘chan nel MOSFET

H.
mm:

positive

B _ C

(Section 4.09). For example, the circuit of

Figure 4.49, driven from a high-impedance
source (etg., the current from a photodi-

ode, with the input resistor omitted), has
an output offset of 100 times V03, whereas
the same circuit with a [0M9 feedback re-

sistor has an output equal to V” (assuming
the offset due to input current is negligi-
ble).

100k 100k

100k

51!:

Figure 4.49

El 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~

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 "electrometer"
op-amp has a maximum input current of

0.06pA, and a high-quality 0.01pF 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 lpA (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 VDS = 10V and VGS = 0V! In other
words, the FET contributes 10,000 times

as much leakage as everything else com-
bined.

[1,, = SOfA, maxb

 
Figure 4.50

Figure 4.50 shows a clever circuit solu—

tion. Although both n—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, Qz’s
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small leakage passes to ground through R2
with negligible drop. There is no leakage

current at the summing junction because
Ql’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.

Figure 4.51

D 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 I = C(dVin/dt) and hence an
output voltage

av

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 rollofl‘ components R1 and 02
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 H1 and 02.

 

E1 OP-AMF OPERATION WITH

A SINGLE POWER SUPPLY

Op-amps don't require i 15 volt regulated

supplies. They can be operated from split
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SOpF

1 0k UD‘IpF

it

Figure 4.52

supplies of lower voltages, or from un-

symmetrical 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
are careful about minimum supply volt-

ages, output swing limitations, and max-
imum common—mode input range. With

some of the more recent op—amps whose
input and output ranges include the neg—

ative supply (i.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 re-

mains the usual technique for nearly all

applications.

[I 4.21 Biasing single-supply ac amplifiers

For a general-purposeop-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 a 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. Vref = 0.5V... gives an output

swing of about 17 volts pp before onset of
clipping. Capacitive coupling is used at
the input and output to block the dc level,

which equals Vref.

 
Figure 4.53

[I 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 to
both rails:

I. The LM324 (quad)/LM358 (dual),

LT1013, and TLC27O 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 V+. If
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instead you need an input range up to V+,
use something like an LM30l/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: Q13 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

SOuA current sink, which means you can't
drive a load that sources more than 50/1A

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 LMlO (bipolar) or CA5130/5160
(MOSFET) complementary-output-stage

op-amps. When saturated, they look like

a small resistance from the output to the

supply (V+ 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 LMlO, the CA5130

 

Inputs 
Figure 4.54. Schematic of the popular 324 and 358 op-amps. (National Semiconductor Corp.)
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battery
+ 5 to +15

Dhotodiode

and 5160 are limited to 16 volts (max) to-

tal supply voltage and i8 volts differen-

tial input voltage. Although most CMOS
op-amps permit rail-to-rail output swings,

watch out for some varieties that can only

swing all the way to one rail; also note that

the input common-mode range of most

CMOS op-amps, like ordinary bipolar 0p-
amps, includes at most one power—supply

rail. For example, the popular TLC27xx

“21.7500
LMCEEIO
CA5 1 BO

 
Bl

 

0 to 5V for
0 to 500nA

Figure 4. 55. Single-supply photometer.

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

op-amps, has output swing to both rails

(but input common-mode range only to
the negative rail). Unique among op-amps
are the CMOS ICL7612 and ALD1701/2,

which claim both input and output opera-
tion to both rails.

LTIUWE

{JP-90

Figule 4.56. Output stages
used in single—supplyop—arnps.
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farm!

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 SOpA, and type
D requires a load resistor returned to ground to
operate near ground.

D Example: single-supply photometer

Figure 4.55 shows a typical example of a

circuit for which single-supply operation

positive
input
(0K to 0V)
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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

is a good candidate for a battery—operated
single—supply circuit. R1 sets the full— scale
output at 5 volts for an input photocur-
rent of 0.5pA. No offset voltage trim is
needed in this circuit, since the worst-case

untrimmed offset of lOmV corresponds to

a negligible 0.2% of full-scale meter indi-

cation. The TLCZSI is an inexpensive
micropower (lOpA supply current) CMOS

op-amp with input and output swings to
the negative rail. Its low input current

(lpA, 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 4.945.

When using "single—supply" op—amps,
watch out for misleading 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

give true rail—to—rail swing; such a stage is

"single-supply"

positive
output
IOK to 0V)

Figure 4.58. Single—supply dc amplifier.



capable of pulling its output to ground,

even when sinking moderate current. Some
examples are the ICL76$$, the LMC660,
and CA5160. (b) Op—amps with 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 LMlO, CA5422, and
LT1013/l4. Both kinds of output stages

can, of course, handle an open circuit or

a load that sinks current to ground. (0)
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 SOMA. Such a circuit can swing clear
down to ground as long as it doesn't have
to sink more than 5011A from the load.
If 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 OP-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 use 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 a typical single—supply

noninverting amplifier to amplify an

COMPARATORS AND SCHMITT TRIGGER

4.23 Comparators

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 "pulldown" 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

It 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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V1

”2

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,
LM3ll, 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

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 (:l:13V, say, for a 411 running from
:tISV 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 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 +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.
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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 8—11.
If you like. you can think of the external

pullup resistor as completing the compara—
tor's internal circuit by providing a collee—

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
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 input signal sees a

changing load and changing (small)
input current as the comparator switches;

if the driving impedance is too high,



strange things may happen. (0) 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 pomt
(voltage at other input
01 comparator)

II II “II nutnut

Figure 4.61

 
 

multiple
transitions

: without feedback

 
Figure 4.62

4.24 Schmitt trigger

The simple comparator Circuit in Figure

4.60 has two disadvantages. For a very

COMPARATORS AND SCHMITT TRIGGER

4.24 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 R3 to enhance switching speed still
further.) This configuration is known

as a Schmitt trigger. (If an op-amp
were used, the pullup would be omitted.)

 
 

. high threshold

 
+4 76 ' 1- low threshold

; ' 5 input
58. l : ' ‘

*5 i outputi1 _ l l _ .

Figure 4.63

*5 '5 ‘E-:I0

D E 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, R2) 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 R3 to produce the required
hysteresis, noting that the hysteresis equals

the output swing, attenuated by a resistive

divider formed by R3 and RI HRg. Finally,
choose an output pullup resistor R4 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.

output

input 
Figu1e 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 Ql’s collector resistor be larger than

Qg’s. In that way the threshold to turn

on Q1, which is one diode drop above
the emitter voltage, rises when Q1 is
turned off, since the emitter current is
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higher with Q2 conducting. This produces
hysteresis in the trigger threshold, just as

in the preceding integrated circuit Schmitt
trigger.

EXERCISE 4.10

DesignaSchmitttrigger using a31 1 comparator
(open—collector output) with thresholds at +1.0
voltand +1.5 volts. Use a1. Ck pullup resistorto
+5 volts, and assume that the 311 is powered
from 2H5 volt supplies.

FEEDBACK VVIIH
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 a 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
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things so that inputs and outputs can be
currents or voltages.) The input to the gain

block is then Vin — BVout. But the output
is just the input times A:

A(V'|n H Bl’but) = an

In other words,

A

1+AB

and the closed—loop voltage gain, Vuut [Vim
is just

 
VinVuut =

A

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, hf3).

G:
 

9:.“
I!

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/(l + AB). 1n the
limit of infinite open-loop gain A, G =
l/B. We saw this result in the noninvert-

ing amplifier configuration, where a volt-

age divider on the output provided the

4.26 Effects of feedback on amplifier circuits

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

1 0.000 ‘

. 5000q;

WOO ‘

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

+(1000x0.1)], or 9.90, to 10,000/[1 +
(10,000X0.1)], 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 i lOdB, whereas the feedback am-

plifier is flat to i0.04dB. 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, 532114, 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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VIII van! Van]
3 Va.”

Figure 4.68

It is easy to show. by taking the partial

derivative of G with respect to A (06 [3A).
that relative variations in the open-loop

gain are reduced by the desensitivity:

EH15”
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 configuration, 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 l +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)

0185

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, sincc 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 is re—

duced by BVUM, putting a voltage Vdm =

Vin — BVom across the inputs of the am—
plifier. The input current is therefore

A

I. fiflaLm)
m Ri Rf

V

”I (1 AER}

giving an effective input resistance

R: = Vin/fin = (1+ ABM:

 
Figure 4.69

The classic op—amp noninverting amplifier

is exactly this feedback configuration, as
shown in Figure 4.69. In this circuit,

B = RI/(Rl + R2), giving the usual
voltage-gain expression GU = 1 + R2/R1
and an infinite input impedance for the

ideal case of infinite open-loop voltagegain
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A. For finite loop gain, the equations as
previously derived apply.

The opamp inverting amplifier circuit
is different from the noninverting circuit
and has to be analyzed separately. It'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 "summing 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, R2, by
a factor of l +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 R1 and the impedance looking into the
summing junction. For high loop gain, Rm

approximately equals R1.

 
 

 

R9 R7

input Rt
input

: R; :
2m: R

A 1+A z":ny+ 2
20‘“: 2 (open loop) 1 + A

1 + A Z Z(open tooplm'= 1+AS
_ RI

(8-31 1"?!)

Figu1e 4.70. Input and output impedances for

(A) transresistance amplifier and (B) inveiting

amplifier.

4.26 Effects of feedback an amplifier circuits

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 =

R1/ (R1 + R2). In the limit of large open-
loop gain A, G = — 1/B+ l (i.e., G =
132/31).

EXERCISE 4.11

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 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

R6 = 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)
Ra R0

giving an effective output impedance

Rf, = V/I = Rg/(l +AB)
If feedback is connected instead to

sample the output current, the expression
becomes

R3=R0(1+AB)

It is possible to have multiple feedback
paths, sampling both voltage and current.

In the general case the output impedance

I
 

is given by Blackman’s impedance relation

I _ 1 + (AB)SC
R0 ‘ R" 1 + (Afilac
where (ABMC is the loop gain with the

output shorted to ground and (443)03
is the loop gain With no load attached.

Thus, feedback can be used to generate a
”5‘?

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.

El Loading by the feedback network

In feedback computations, you usually as-
sume that the beta network doesn't load

the amnlifi r’s ontnut. If it.does. that
must be ta en 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-
IOOD galn. 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.

[I 4.27 Two examples of transistor

amplifiers with teedbaCk
Figure 4.72 shows a transistor amplifier
with negative feedback.
 

 
 

CI
2.2;; F

signal 4-
in

01,D?: m! :2 250
matched Eanr
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Figure 4.72. Transistor power amplifier with negative feedback
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4.27 TWO examples 0ftransistor amplifiers with feedback

|:| Circuit description

It may look complicated, but it is extreme-

ly straightforward in design and is rela-
tively easy to analyze. Q1 and Q2 form
a differential pair, with common—emitter
amplifier Q3 amplifying its output. R6 is
Qg’s collector load resistor, and push-pull
pair Q4 an‘ Q5 form the output emitter

follower. The output voltage is sampled by

the feedback network consisting of voltage
divider R4 and R5, with C2 included to

reduce the gain to unity at dc for stable
biasing. R3 sets the quiescent current in

the differential pair, and since overall feed—

back guarantees that the quiescent output
voltage is at ground, Qg’s quiescent cur-

rent is easily seen to be 10mA (VEE across

R6, approximately). As we have discussed

earlier (Section 2.15), the diodes bias the

push—pull pair into conduction, leaving one

diode drop across the series pair R7 and
R8, 1.e., 60mA quiescent current. That 5
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 Ql’s
quiescent collector voltage, one diode drop
below VCC‘ That is where it must sit in
order to hold Q3 in conduction, and the

feedback path ensures that it Will. (For
instance, if Q1 were to pull its cfillec'tol'

closer to ground, Q3 WOUId conduct heav-
ily, raising the output voltage, which in
turn would force Q2 to conduct more heav-

ily, reducing Ql’s collector current and

hence restoring the status (1110-) R2 was
chosen to give a diode dI‘OP at Ql’S qUieS'
cent current in order to keep the COHCCtOf
currents in the differential pair approxi-
mately equal at the quiescent point. In

this transistor circuit the input bias current
is not negligible (4/LA), 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 Darhngton input stage would

probably be better here).

El Analysis

Let’s analyze this circuit in detail, de‘
termining the gain, input and output
Impedances’ and distortion To illustrate

the utility of feedback1 we will find these
parameters for both the open-loop and
closed-loop situations (recognizing that b1"
asing would be Hopeless in the open-100p

case). To get a feeling for the lineaijzin
effect of the feedback, the gain will be ca '

culated at +10 volts and —_10 volts outfmt,as well as the quiescent pomt (zero vo ts).

El 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 hfe times twice
the intrinsic emitter resistance D1118 the

impedance seen at Q ’s emitter due to the
feedback network at 022,5 base. For hfe 2:.
250, Zin m 250x[(2>¢25)+(3.3k/250)]:
i_e., Zin a: 16k.

Output impedance: Since the imped-

ance looking back into Qg’s collector is
high. the output transistors are driven by

a 1.5k source (R6). The output impedance

is about 15 ohms (hfe X 100) plus the 5
ohm emitter resistance, or 20 ohms. The
intrinsic emitter resistance of 0.4 ohm is

negligible. _ _ _
Galn: The d1fferent1al 1nput stage sees

a load of R2 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, hfe :100). The
difl‘erential pair thus has a gain of

25011620 3 5
fix259 or .

The second stage, Q3, has a voltage gain of

1515:1250th, or 600. The overall voltage

0188
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gain at the quiescent point is 3.5 X 600,
or 2100. Since Qg’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 (l + 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 Qg’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.
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Open loop Closed loop
Vout — 10 0 +10 — 10 0 $10

Zn 1 6k 1 6k 1 6k 92k 92k 92k
Zout 200 200 200 0.30 0.30 0.30
Gain 1360 2100 2400 30.60 30.84 30.90

 
D Series feedback pair

Figure 4.73 shows another transistor am-

plifier with feedback. Thinking of Q1 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
Qg’s collector resistor doubles as the feed—
back network. Applying the techniques we
used earlier, you should be able to show

that G(0pcn loop) a 200, loop gain a 20,
Zout(0pen loop) £10k, Zout(closed loop)
m 500 ohms, and G(closed loop) m 9.5.

SOME TYPICAL OP-AMF CIRCUITS

4.28 General-purpose lab amplifier

Figure 4.74 shows a dc-coupled "decade

amplifier" with settable gain, bandwidth,

and wide-range dc output offset. 1C1 is

a FET-input op-amp with noninvcrting
gain from unity (OdB) to X 100 (40dB) in



accurately calibrated lOdB steps; a vernier

is provided for variable gain. 1C2 is an
inverting amplifier; it allows offsetting the
output over a range of 51:10 volts, accu—

rately calibrated via R14, by injecting cur—
rent into the summing junction. C2 — C4

set the high—frequency rollofl‘, since it is
often a nuisance to have excessive band-

width (and noise). 1C5 is a power booster
for driving low-impedance loads or cables;

it can provide ilSOmA output current.

Some interesting details: A lOMQ in-

Input
2.: 10M“
W...’ 4 ram:

SOME TYPICAL OP-AMP CIRCUITS

4.28 General-purposelah amplifier

put resistor is small enough, since the bias

current of the 411 is 25pA (0.3mV error
with open input). R2, in combination with
D1 and D2, limits the input voltage at the

op-amp to the range V. to V... + 0.7. D3
is used to generate a clamp voltage at

V. +0.7, since the input common mode
range extends only to Va (exceeding
V. causes the output to reverse phase).
With the protection components shown,

the input can go to i150 volts without
damage.

 
  

 
FfI!

junk Hi.

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-controlled oscillator

Figure 4.75 shows a clever circuit, bor-
rowed from the application notes of
several manufacturers. 1C1 is an inte—

grator, rigged up so that the capacitor

current (Vin/200k] changes sign, but

not magnitude. when Q1 conducts. 1C2
is connected as a Schmitt trigger, with
thresholds at one-third and two-thirds

of V+. Q1 is an n-ehannel MOSFET,

used here as a switch; it is simpler to
use than bipolar transistors in this sort
of application. but an alternative cir—

cuit using npn transistors is shown in ad—
dition. In either case, the bottom side of

R4 is pulled to ground when the output

49.9k 1'35-

1

I E CD400?

  
 

 

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

An unusual 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 V+

and ground at the output; this ensures
that the thresholds of the Schmitt don‘t

drift. as they would with an op-amp of

conventional 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

the ratio Vin/Kr; this means that if Vin
is generated from V+ by a resistive di-
vider (made from some sort of resistive

transducer, say), the output frequency
won't vary with V+, only with changes in
resistance.

“3'

“1..“4th 52NW
triangle out

V.

_l_l_l_l—lJ— ground
square out

f‘1EflEI—EH‘!VI

  
bipolar substitute V,
tor FET Q,

 
3N4124
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2N4124
 

Figure 4.75. Voltage-controlled waveform
generator.
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EXERClSE 4.13

Show that the output frequency ‘5 given by
f(Hz) = 150%n/V+. Along the way, ven'fy that
the Schmitt thresholds and integrator currents
are as advertised.

El 4.30 JFET linear switch

with RON compensation

In Chapter 3 wc considered MOSFET
linear switches in some detail. It is also

possible to use JFETs 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 g0 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 1M resistor.

 

 
+13 un

groundfl:— 15 011

Figure 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 a method
of canceling precisely the errors caused by

finite RON and its nonlincarity. Figure
4.77 shows the circuit.

”1
10k1% 0-

 
01 , 02: matched pair+5 0‘"

0V I I on (T‘I'L levels}

Figure 4.77. JFET-switched amplifier with
RON cancellation.

There are two noteworthy features of

this circuit: (a) When Q1 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 Ql’s source connected to a viitual

ground (the summing junction), simplifies
circuit opcration, since there are no sig-

nal swings on (21’s source in the ON state;
D1 prevents FET turn-on for positive in-
put swings when Qi is OFF, and it has no
effect when the switch is closed.

There are p-channel JFETs with low

pinch-off voltages available in useful con-
figurations at low prices. For example, the

lH5009—IH5024 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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El 4.31 'I'I'L zero—crossing detector

The circuit shown in Figure 4.78 generates

an output square wave for use with TTL
logic (zero to +5V range) from an input

wave of any amplitude up to 100 volts.
R1, combined with D1 and D2, limits the

input swing to —0.6 volt to +5.6 volts,

approximately. Resistive divider R2123 is
necessary to limit negative swing to less

than 0.3 volt, the limit for a 393 compara-

tor. R5 and R6 provide hysteresis, with

R4 setting the trigger points symmetrically
about ground. The input impedance is

nearly constant, because of the large R1
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

Verifythatthe trigger points are at i25mV at the
input signal.

[I 4.32 Load-current-sensing circuit

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

positive protection

negative
protection :

center hysteresrs

 

current. for use with a current regulator,

metering circuit, or whatever. The voltage
across the 4-terminal resistor R5 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 R8, since

the LT1013 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 hopel). 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, IOOdB (typ) in this case.

FEEDBACK AMPLIFIER FREQUENCY
COMPENSATION

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

to logic gates, etc

 
 

1V hysteresis (at Input)

Figure 4.78. Zero-crossing level detector with input protection.
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power
source 

4 terminal Cl
resr 510 r 1 OW

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

voltagegain(dB! BdB/octava. 
«20 .I...l__l.._L._J_L—_L

i m 100 1k ‘ka 100k 1M 10M

frequency [Hzi

Figure 4.80

and phase versus frequency) you might

conclude that the 741 is an inferior op-
amp, since its open-loop gain drops offso

rapidly with increasing frequency. In

fact, that rolloff is built into the op-amp

intentionally and is recognizable as the

n.—@—
.019 1% T

ground at Output terminal

4.33 Gain and phase shift versus frequency

+12V to +30V (unrequlated OK)

 
0—10».

Figure 4.79. High—power

current—sensing amplifier.

same —6db/octave curve characteristic of

an RC low—pass filter. The 748, by corn-
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; let's take a 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 corn-

mon to have an input stage consisting of

a differential amplifier, perhaps with cur-
rent mirror load (see the LM358 schematic

in Fig. 4.54), driving a common-emitter

second stage. For now, imagine 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 Cie and feedback ca—
pacitance ch (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
lOOHz to 10kHZ.

The decreasing reactance of the capac-
itor with increasing frequency gives rise
to the characteristic 6db/octave rolloff: At

sufficiently high frequencies (which may be
below lkHz), the capacitive loading domi-

nates the collector load impedance, result-
ing in a voltage gain Gv = ngo, i.e.,

the gain drops off as 1/f . It 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.)

  

 
:5
§m fififlfuctave

EITI
a
2r:

2% ‘x
\\

r1 ’2 ’3 ‘ ,Tfidfir‘octave
ire kquency (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

at some low frequency f1, due to capac-
itive loading of the first-stage output. It
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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 lZdB/octave, and so on.

-m'—

  

mm...mm
«ZUT lfrequency llog scale)

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

 
470°

9.:

E -130“'5"a.

‘90"

D:

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.
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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 rollofl‘ in order to put the 3dB
point at some low frequency. typically le
to ZOHZ. 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

4.34 Amplifier compensation methods

initial 6dB/0ctave 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
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Figure 4.84

shows the idea. Without compensation
the open-loop gain drops toward 1, first at
6dB/octave, then at lZdB/octave, etc., re-

sulting in phase shifts of 180° or more be—
fore the gain has reached 1. By moving the

first rollofi‘ down in frequency (forming a
"dominant pole"), the rollofl‘ 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 rollofl‘

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 ngc or gm/21'Ff 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.

IVcc

 
 

Io outpu;
stage
(pusl'vpull
follower}

- Vet

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 l80°— (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
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which it intersects the unity—gain axis (Fig.
4.86).
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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.
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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
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so that the open-loop gain reaches 30dB

(rather than OdB) 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), HA5102 (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

"undercompensated") op-amps, such as
the 357, which are internally compensated

for closed-loop gains greater than some
minimum (AV > 5 in the case of the 357).

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/0ctave rollof’f 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

  
upenrloop gain

E
gainllagl

"‘ response of
. pole-zero

network

l overall responseL F.
0:13 t i, W W 7 -

)irequency (log

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.

III 4.35 Frequency response of the
feed back network

In all of the discussion thus far we have

assumed that the feedback network has

a flat frequency response; this is usually
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 a 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
to use the compensated variety, and that's

the usual choice. You might consider
the internally compensated LF411 first.

If you need greater bandwidth or slew

rate, look for a faster compensated op-amp
(see Table 4.1 or 7.3 for many choices).

If it turns out that nothing is suitable,
and the closed—loop gain is greater than
unity (as it usually is), you can use an

uncompensated op—amp, with an external
capacitor as specified by the manufacturer
for the gain you are using.

A number of op—amps offer another

choice: a "decompensated" version, re-
quiring no external compensation compo-

nents, but only usable at some minimum

gain greater than unity. For example, the
popular OP-27 low-noise precision op-amp
(unitygain-compensated) is available as

the decompensated OP-37 (minimum gain

of 5), offering roughly seven times the
speed, and also as the deeompensated

HA-5147 (minimum gain of 10), with 15
times the speed.

The amplifier would have been close to El Exanmle: 60H: power source
instability with a flat feedback network,

since the loop gain would have been
dropping at nearly 12dB/octave where the
curves meet. The capacitor causes the loop

gain to drop at 6dB/octave near the cross-

ing, guaranteeing stability. This sort of
consideration is veiy 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 rollofl‘ at high frequencies. In—

tegrators, by comparison, are very friendly
in this respect, owing to their 6dB/octave

closed—loop rollofi‘. It 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

0199

Uncompensated op-amps also give you the
flexibility of overcompensating, a simple

solution to the problem of additional phase
shifts introduced by other stuff in the
feedback loop. Figure 4.90 shows a nice
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 R2 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 R10, in order to

generate low distortion and a stable output

voltage under load variations. Because of
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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 C3.
The relative sizes of R9 and R10 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 ensure 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.

i200
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Figure 4.91

An application such as this represents a

compromise, since ideally you would 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

0201

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 4.9] 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
900 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 can

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 zoo 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 = IMO and full-scale sensitivities of

lOmV to 10V in four ranges. Use a lmA
meter movement and an op-amp. Trim

voltage offsets if necessary, and calculate
what the meter will read with input open,

assuming (a) IB = 25pA (typical for a
411) and (b) IB = 80nA (typical for a
741). Use some form of meter protection

(e.g., 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 = ZOdB, 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) Design a unity-gain phase splitter (see
Chapter 2) using 411s. Strive for high

input impedance and low output imped-

ances. The circuit should be dc-eoupled.
At roughly what maximum frequency can

you obtain full swing (27V pp, with i15V
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
AD61 1 op-amps (another good audio chip)

as necessary, to be placed between preamp
and amplifier to compensate this rise.

Assume that the preamp has Zout = 50k
and that the amplifier has Z, = 10k,

approximately.

(5) A 741 is used as a simple compara-
tor, with one input grounded; i.C., it is a

SELF-EXPLANATORY CIRCUITS
4.37 Bad circuits

zero-crossing detector. A 1 volt amplitude
sine wave is fed into the other input
(frequencylkHz). What v01tagc(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) If
the op-amp‘s output range goes from V+ to

V_, what range of input voltages will this
circuit accommodate without saturation?

 

[circuit has
no outputl 

(7) Consider the circuit in the preceding
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 a latchup

condition for a certain range of source
resistances. What is that range? Can you

think of a remedy?)

r-i-a
input I
NIC |

|
|
I

' I
Lamont

Figure 4.93
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Ch 5: Active Filters and Oscillators

With only the techniques of transistors and

op-amps it is possible to delve into a num-

ber of interesting areas of linear (as con-

trasted with digital) circuitry. We believe
that it is important to spend some time do-

ing this now, in order to strengthen your

understanding of some of these difficult

concepts (transistor behavior, feedback,
op—amp limitations, etc.) before introduc—

ing more new devices and techniques and
getting into the large area of digital elec—
tronics. In this chapter, therefore, we will

treat briefly the areas of active filters and
oscillators. Additional analog techniques
are treated in Chapter 6 (voltage regula-
tors and high-current design), Chapter 7

(precision circuits and low noise), Chap-
ter 13 (radiofrequency techniques), Chap-
ter 14 (low—power design), and Chapter
15 (measurements and signal processing).
The first part of this chapter (active filters,

Sections 5.01—5.11) describes techniques
of a somewhat specialized nature, and it
can be passed over in a first reading. How-

ever, the latter part of this chapter (oscil-
lators, Sections 5.12—5.19) describes tech-

niques of broad utility and should not be
omitted.

ACTIVE FILTERS

In Chapter 1 we began a discussion of fil-

ters made from resistors and capacitors.
Those simple RC filters produced gentle

high-pass or low-pass gain characteristics,

with a 6dB/octave falloff well beyond
the —3dB point. By cascading high-pass

and low-pass filters, we showed how to
obtain bandpass filters, again with gentle
6dB/octave "skirts." Such filters are suffi—

cient for many purposes, especially if the
signal being rejected by the filter is far
removed in frequency from the desired
signal passband. Some examples are by-

passing of radiofrequency signals in audio

circuits, "blocking" capacitors for elimina-
tion of dc levels, and separation of mod-
ulation from a communications "carrier"

(see Chapter 13).

5.01 Frequency response with RC filters

Often, however, filters with flatter pass-

bands and steeper skirts are needed. This
happens whenever signals must be filtered

from other interfering signals nearby in

0213
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frequency. The obvious next question is
whether or not (by cascading a number
of identical low-pass filters, say) we can

 

generate an approximation to the ideal

"brick—wall" low—pass frequency response,
as in Figure 5.1.

val”
V 1

0
Va

Figure 5.1

We know already that simple cascading

won't work, since each section's input
impedance will load the previous section

seriously, degrading the response. But

with buffers between each section (or by
arranging to have each section of much

higher impedance than the one preceding
it), it would seem possible. Nonetheless,
the answer is no. Cascaded RC filters do

produce a steep ultimate falloff, but the

"knee" of the curve of response versus

frequency is not sharpened. We might
restate this as "many soft knees do not

a hard knee make." To make the point
graphically, we have plotted some graphs

of gain response (i.e., V0.1; firm) versus
frequency for low-pass filters constructed
from 1, 2, 4, 8, 16, and 32 identical RC

sections, perfectly buffered (Fig. 5.2).

The first graph shows the effect of cas-
cading several RC sections, each with its

3dB point at unit frequency. As more

sections are added, the overall 3dB point
is pushed downward in frequency, as you

could easily have predicted. To compare

filter characteristics fairly, the rollofl‘ fre—
quencies of the individual sections should
be adjusted so that the overall 3dB point
is always at the same frequency. The other

graphs in Figure 5.2, as well as the next few

graphs in this chapter, are all "normalized"

in frequency, meaning that the —3dB point
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Figure 5.2. Frequency responses of multisec—
tion RC filters. Graphs A and B are linear plots,
whereas C is logarithmic. The filter responses
in B and C have been normalized (or sealed)
for 3dB attenuation at unit frequency.
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Figure 5.3. An unusually good passive bandpass filter implemented from inductors and capacitors
(inductances in mH, capacitances in pF). Bottom: Measured response of the filter circuit. [Based

Vol. 05, No. 3 (1970).]

(or breakpoint, however defined) is at a fre-
quency of l radian per second (or at 1H2).

To determine the response of a filter whose
breakpoint is set at some other frequency,
simply multiply the values on the frequen—

cy axis by the actual breakpoint frequency

f6. In general, we will also stick to the
log-log graph of frequency response when

talking about filters, because it tells the
most about the frequency response. It
lets you see the approach to the ultimate

rolloff slope, and it permits you to read
off accurate values of attenuation. In this

case (cascaded RC sections) the normal-

ized graphs in Figures 5.2B and 5.2C dem-
onstrate the soft knee characteristic of pas-
sive RC filters.

5.02 Ideal performance with LC filters

As we pointed out in Chapter 1, filters
made with inductors and capacitors can

on Figs. 11 and 12 from Orchard, H. 1., and Sheahan, D. F., ZE'EE Journal ofSo/id-Stale Circuits,

have very sharp responses. The parallel

LC resonant circuit is an example. By
including inductors in the design, it is pos-

sible to create filters with any desired flat-
ness of passband combined with sharpness
of transition and steepness of falloff out-

side the band. Figure 5.3 shows an exam-
ple of a telephone filter and its character-
istics.

Obviously the inclusion of inductors in-
to the design brings about some magic that

cannot be performed Without them. In
the terminology of network analysis, that
magic consists in the use of "off—axis poles. "
Even so. the complexity of the filter in-

creases according to the required flatness
of passband and steepness of falloff outside
the band, accounting for the large number

of components used in the preceding fil-
ter. The transient response and phase-shift

characteristics are also generally degraded
as the amplitude response is improved to
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approach the ideal brick-wall characteris-
tic.

The synthesis of filters from passive
components (R, L, C) is a highly devel-

oped subject, as typified by the authorita-
tive handbook by Zverev (see chapter ref-

erences at end of book). The only problem
is that inductors as circuit elements fre-

quently leave much to be desired. They are
often bulky and expensive, and they de—
part from the idea] by being "lossy," i.e., by
having significant series resistance, as well
as other "pathologies" such as nonlinear-

ity, distributed winding capacitance, and
susceptibility to magnetic pickup of inter-
ference.

What is needed is a way to make
inductorless filters with the characteristics

of ideal RLC filters.

5.03 Enter active filters: an overview

By using op-amps as part of the filter de-
sign, it is possible to synthesize any RLC
filter characteristic without using induc-
tors. Such inductorless filters are known
as active filters because of the inclusion of

an active element (the amplifier).
Active filters can be used to make low-

pass, high-pass, bandpass, and band-reject
filters, with a choice of filter types accord-
ing to the important features of the re—

sponse, e.g., maximal flatness of passband,
steepness of skirts, or uniformity of time

delay versus frequency (more on this short—
ly). In addition, "all-pass filters" with flat
amplitude response but tailored phase ver-

sus frequency can be made (they*re also
known as "delay equalizers"), as well as the

opposite - a filter with constant phase shift

but tailored amplitude response.

|:| Negative-impedance converters and

gyrators

Two interesting circuit elements that

should be mentioned in any overview are

the negative-impedance converter (NIC)

0216

and the gyrator. These devices can mimic

the properties of inductors, while using
only resistors and capacitors in addition to
op-amps.

Once you can do that, you can build in-
ductorless filters with the ideal properties

of any RLC filter, thus providing at least
one way to make active filters.

The NIC converts an impedance to its
negative, whereas the gyrator converts an

impedance to its inverse. The following ex—

ercises will help you discover for yourself
how that works out.

EXEREE 5.1

Show that the circuit in Figure 5.4 is a negative-
impedance converter, in particular that Zin =
—Z. Hint: Apply some input voltage V, and
compute the inputcurrent I. Then takethe ratio
to find Zin = V/I.

R

2.,=-z—.I- a

2

Figure 5.4. Negative-impedanceconverter.

 
Figure 5.5

EXEPCEE 5.2

Show that the circuit in Figure 5.5 is a gyrator,

in particular that Zin = RZ/Z. Hint: You can
analyze it as a set of voltage dividers, beginning
at the right.
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The NIC therefore converts a capacitor
to a "backward" inductor:

20 = l/ij —> Zm =j/wC'

i.e., it is inductive in the sense of generat-
ing a current that lags the applied voltage,
but its impedance has the wrong frequency

dependence (it goes down, instead of up,
with increasing frequency). The gyrator,

on the other hand, converts a capacitor to
a true inductor:

23 = I/ij' —> Zia :ijRyc

i.e., an inductor with inductance L =
CR2.

The existence of the gyrator makes it

intuitively reasonable that inductorless fil—

ters can be built to mimic any filter us—
ing inductors: Simply replace each induc-

tor by a gyrated capacitor. The use of
gyrators in just that manner is perfectly

OK, and in fact the telephone filter illus-
trated previously was built that way. In ad-
dition to simple gyrator substitution into

preexisting RLC designs, it is possible to

synthesize many other filter configurations.

The field of inductorless filter design is ex-

tremely active, with new designs appearing
in the journals every month.

Sallen-and-Key filter

Figure 5.6 shows an example of a simple
and even partly intuitive filter. It is known
as a Sallen—and—Key filter, after its inven—
tors. The unity-gain amplifier can be an

op—amp connected as a follower, or just an
emitter follower. This particular filter is a
2-pole high-pass filter. Note that it would

be simply two cascaded RC high-pass fil-
ters except for the fact that the bottom of

the first resistor is bootstrapped by the out-
put. It is easy to see that at very low fre-

quencies it falls off just like a cascaded RC,
since the output is essentially zero. As the

output rises at increasing frequency, how-

ever, the bootstrap action tends to reduce

the attenuation, giving a sharper knee. Of

course, such hand-waving cannot substi-
tute for honest analysis, which luckily has

already been done for a prodigious valiety
of nice filters. We will come back to active
filter circuits in Section 5.06.

an lput

 
Figure 5.6

5.04 Key filter performance criteria

There are some standard terms that keep
appearing when we talk about filters and
tly to specify their performance. It is worth

getting it all straight at the beginning.

Frequency domain

The most obvious characten'stic of a filter

is its gain versus frequency, typified by
the sort of low—pass characten'stic shown
in Figure 5.7.

The passband is the region of frequen-
cies that are relatively unattenuated by the
filter. Most often the passband is con-

sidered to extend to the —3dB point, but
with certain filters (most notably the “equi-
ripple" types) the end of the passband may

be defined somewhat differently. Within
the passband the response may show vari-

ations or ripples, defining a ripple band. as
shown. The cutoflfrequency, fa, is the end

of the passband. The response of the filter
then drops off through a transition region
(also colorfully known as the skirt of the fil-

ter‘s response) to a stopband, the region of
significant attenuation. The stopband may

be defined by some minimum attenuation,
e.g., 40dB.

Along with the gain response, the other

parameter of importance in the frequency
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Figure 5.7. Filter characteristics versus fiequency.

domain is the phase shift of the output
signal relative to the input signal. In other

words, we are interested in the complex
response of the filter, which usually goes

by the name of H(s), where s = jW, where
H, s, and W all are complex. Phase is

important because a signal entirely within

the passband of a filter will emerge with
its waveform distorted if the time delay of

different frequencies in going through the

filter is not constant. Constant time delay
corresponds to a phase shift increasing
linearly with frequency; hence the term

linear—phase filter applied to a filter ideal

in this respect. Figure 5.8 shows a typical
graph of phase shift and amplitude for a

low—pass filter that is definitely not a linear—
phase filter. Graphs of phase shift versus

frequency are best plotted on a linear-
frequency axis.

Time domain

As with any ac circuit, filters can be
described in terms of their time-domain

properties: rise time, overshoot, ringing,
and settling time. This is of particular
importance where steps or pulses may be

used. Figure 5.9 shows a typical low-
pass—filter step response. Here, rise time
is the time required to reach 90% of the

final value, whereas settling time is the

time required to get within some specified
amount of the final value and stay there.

Overs/toot and ringing are self-explanatory

0218

terms for some undesirable properties of
filters.
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Figure 5.8. Phase and amplitude response
for an 8-pole Chebyshev low-pass filter (ZdB
passband lipple).

5.05 Filter types

Suppose you want a low-pass filter with
flat passband and sharp transition to the

stopband. The ultimate rate of falloff,
well into the stopband, will always be
6ndB/octave, where n is the number of

"poles." You need one capacitor (or
inductor) for each pole, so the required
ultimate rate of falloff of filter response

determines, roughly, the complexity of the
filter.

Now, assume that you have decided

to use a 6—pole low—pass filter. You are

guaranteed an ultimate rolloff of 36dB/

octave at high frequencies. It turns out
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Figure 5.9

that the filter design can now be optimized
for maximum flatness of passband re-

sponse, at the expense of a slow transition

from passband to stopband. Alternatively,
by allowing some ripple in the passband

characteristic, the transition from pass—

band to stopband can be steepened con—
siderably. A third criterion that may be

important is the ability of the filter to pass
signals within the passband without distor-
tion of their waveforms caused by phase
shifts. You may also care about rise time,

overshoot, and settling time.
There are filter designs available to opti-

mize each of these characteristics, or com-

binations of them. In fact, rational filter

selection will not be carried out as just de-

scribed; rather, it normally begins with a
set of requirements on passband flatness,

attenuation at some frequency outside the
passband, and whatever else matters. You
will then choose the best design for the
job, using the number of poles necessary
to meet the requirements. In the next few

sections we will introduce the three popu-
lar favorites, the Butterworth filter (max-

imally flat passband), the Chebyshev fil-

ter (steepest transition from passband to
stopband), and the Bessel filter (maximally

flat time delay). Each of these filter re-
sponses can be produced with a variety of
different filter circuits, some of which we

will discuss later. They are all available
in low—pass, high—pass, and bandpass ver—
sions.

ACTIVE FILTERS

5.05 Filter types

Butterworth and Chebyshev filters

The Butterworth filter produces the flattcst

passband response, at the expense of steep-
ness in the transition region from passband

to stopband. As you will see later, it also
has poor phase characteristics. The ampli-

tude response is given by

Van 1

van _ .[1 + (f/fcrnli

where n is the order of the filter (number

of poles). Increasing the number of poles

flattens the passband response and steep-
ens the stopband falloff, as shown in Figure
5.10.
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Figure 5.10. Normalized low-pass Butterworth-
filter response curves. Note the improved
attenuation characteristics for the higher-order
filters.

The Butterworth filter trades off every-
thing else for maximum flatness of re-
sponse. It starts out extremely flat at zero
frequency and bends over near the cut—

off frequency fC (fc is usually the —3dB
point).

In most applications, all that really mat—

ters is that the wiggles in the passband re—
sponse be kept less than some amount, say

ldB, The Chebyshev filter responds to this
reality by allowing some ripples through-

out the passband, with greatly improved

0219
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sharpness of the knee. A Chebyshev filter

is specified in terms of its number of poles

and passband ripple. By allowing greater
passband ripple, you get a sharper knee.
The amplitude is given by

Vout 1

Vin [1+cZC§(f/fc)]%

where 0,, is the Chebyshev polynomial
of the first kind of degree n, and e is
a constant that sets the passband ripple.

Like the Butterworth, the Chebyshev has
phase characteristics that are less than
ideal.
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Figure 5.11. Comparison of some common
6-pole low-pass filters. The same filters are
plotted on both linear and logarithmic scales.
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Figure 5.11 presents graphs comparing

the responses of Chebyshev and Butter-

worth 6-pole low-pass filters. As you can
see, they're both tremendous improve—
ments over a 6-pole RC filter.

Actually, the Butterworth, with its max-

imally flat passband, is not as attractive
as it might appear, since you are always
accepting some variation in passband re-
sponse anyway (with the Butterworth it

is a gradual rolloff near fc, whereas with
the Chebyshev it is a set of ripples spread

throughout the passband). Furthermore,
active filters constructed with components
of finite tolerance will deviate from the

predicted response, which means that a
real Butterworth filter will exhibit some

passband ripple anyway. The graph in Fig-
ure 5.12 illustrates the effectsof worst—case

variations in resistor and capacitor values

on filter response.

 
lrequeney (linear) —-p

Figure 5.12. The effect of component tolerance
on active filter performance.

Viewed in this light, the Chebyshev is
a very rational filter design. It is some-

times called an equiripple filter: It man-
ages to improve the situation in the transi-
tion region by spreading equal-size ripples

throughout the passband, the number of
ripples increasing with the order of the fil-

ter. Even with rather small ripples (as little

as 0.1dB) the Chebyshev filter offers con-
siderably improved sharpness of the knee
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as compared with the Butterworth. To
make the improvement quantitative, sup—

pose that you need a filter with flatness t0
0.1dB within the passband and 20dB at—

tenuation at a frequency 25% beyond the
top of the passband. By actual calculation,
that will require a 19-pole Buttcrworth, but

only an 8-pole Chebyshev.
The idea of accepting some passband

ripple in exchange for improved steep-
ness in the transition region, as in the equi-

ripple Chebyshev filter, is carried to its log-

ical limit in the so-called elliptic (or Cauer)
filter by trading ripple in both passband

and stopband for an even steeper tran—
sition region than that of the Chebyshev

filter. With computer-aided design tech-
niques, the design of elliptic filters is as
straightforward as for the classic Butter-

worth and Chebyshev filters.
Figure 5.13 shows how you specify fil—

ter frequency response graphically. In this

case (a low-pass filter) you indicate the al-

lowable range of filter gain (i.e., the ripple)
in the passband, the minimum frequen-
cy at which the response leaves the pass-

band, the maximum frequency at which
the response enters the stopband, and
the minimum attenuation in the stop-
band.

ACTIVE FILTERS

5.05 Filter types

Figure 5.13. Specifying filter fre—
quency response parameters.

Bessel filter

As we hinted earlier, the amplitude re-
sponse of a filter docs not tell the whole
story. A filter characterized by a flat ampli-

tude response may have large phase shifts.
The result is that a signal in the passband
will suffer distortion of its waveform. In

situations where the shape of the wave—

form is paramount, a linear—phase filter

(or constant—time—delay filter) is desirable.
A filter whose phase shift varies linearly

with frequency is equivalent to a constant

time delay for signals within the passband,
i.e., the waveform is not distorted. The

Bessel filter (also called the Thomson filter)

had maximally flat time delay within its

passband, in analogy with the Buttcrworth,
which has maximally flat amplitude re-

sponse. To see the kind of improvement in
time—domain performance you get with the
Bessel filter, look at Figure 5.14 for a com—

parison of time delay versus normalized

frequency for 6-pole Bessel and Butter-
worth low-pass filters. The poor time-delay
performance of the Butterworth gives rise
to effects such as overshoot when driven

with pulse signals. On the other hand, the

price you pay for the Bessel's constancy
of time delay is an amplitude response
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with even less steepness than that of
the Butterworth in the transition region

between passband and stopband.
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frequency (radians/s or (.5)

Figure 5.14. Comparison of time delays for
6-pole Bessel and Butterworth low-pass filters.
The excellent time-domain performance of
the Bessel filter minimizes waveform distor-
tion.

There are numerous filter designs that

attempt to improve on the Bessel’s good

time-domain performance by compromis-

ing some of the constancy of time delay for

improved rise time and amplitude-versus-
frequency characteristics. The Gaussian
filter has phase characteristics nearly as

good as those of the Bessel, with improved
step response. In another class there are in-

teresting filters that allow uniform ripples

in the passband time delay (in analogy with
the Chebyshev’s ripples in its amplitude re-
sponse) and yield approximately constant

time delays even for signals well into the

stopband. Another approach to the prob-
lem of getting filters with uniform time de-
lays is to use all-pass filters, also known

as delay equalizers. These have constant
amplitude response with frequency, with

a phase shift that can be tailored to in—
dividual requirements. Thus, they can be

used to improve the time-delay constancy
of any filter, including Butterworth and

Chebyshev types.
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Filter comparison

In spite of the preceding comments about
the Bessel filter's transient response, it still

has vastly superior properties in the time

domain, as compared with the Butterworth

and Chebyshev. The Chebyshev, with its
highly desirable amplitude-versus-frequen-
cy characteristics, actually has the poor-

est time-domain performance of the three.
The Butterworth is in between in both fre-

quency and time-domain properties. Table

5.1 and Figure 5.15 give more information

about time-domain performance for these
three kinds of filters to complement the

frequency-domain graphs presented earlier.
They make it clear that the Bessel is a very

desirable filter where performance in the

time domain is important.

0.5% overshoot :w.‘a

 
 

 

Q?

g \ 6-pole Chebyshev (0.5dB ripple)Q)

13’ ' -po|e Butterworth
.3 us __
E 'G-pole Besselm

_l J _ _J_ _L____J
0 0.5 1.0 1.5 2.0 2.5 3.0

time (s)

Figure 5.15. Step-response comparison for 6-
pole low-pass filters normalized for 3dB atten-
uation at le.

ACTNE FILTER CIRCUITS

A lot of ingenuity has been used in invent-

ing clever active circuits, each of which

can be used to generate response functions

such as the Butterworth, Chebyshev, etc.
You might wonder why the world needs
more than one active filter circuit. The
reason is that various circuit realizations

excel in one or another desirable property,
so there is no all—around best circuit.

Some of the features to look for in active

filters are (a) small numbers of parts, both
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TABLE 5.1. TIME-DOMAIN PERFORMANCE COMPARISON FOR LOW-PASS FILTERSa

Step
rise time Over-

fada (o to 90%) shoot
Tillie (Hz) Poles (3) 1%}

Bessel 1.0 2 0.4 0.4
(-3.0dB at 1.0 4 0.5 0.8
lc =1.0Hz] 1.0 6 0.6 0.61.0 8 0.7 0.3

Bullerworth 1 .0 2 0.4 4
(—30:18 at 1.0 4 0.6 11
lc=1.0Hz) 1.0 6 0.9 141.0 8 1.1 16

Chebyshev 1.39 2 0.4 11
0.5dB ripple 1.09 4 18

(70.5dB at 1.04 6 1.1 21
1C = mm) 1.02 8 1.4 23

Chebyshev 1.07 2 0.4 21
2.0dB ripple 1.02 4 0.7 28

(-2.0dB at 1.01 6 32
f6 : 1.0Hz) 1.01 8 34

Settling time Slopband attenuation

to 1% to 0.1% f: 2fc f = 1016
(S) (3) (dB) (08)

0.6 1.1 10 36
0.7 1.2 13 66
0.7 1.2 14 92
0.8 1 2 14 114

0.8 1.7 12 40
1.0 2.8 24 80
1.3 3.9 36 120
1.6 5.1 48 160

1.1 1.6 8 37
3.0 5.4 31 89
5.9 10.4 54 141
8.4 16.4 76 193

1.6 2.7 15 44
4.8 8.4 37 96
8.2 16.3 60 148

11.6 24.8 83 200

(a: a design procedure for these filters is presented in Section 5.07.

active and passive, (b) ease of adjustability,
(c) small spread of parts values, especially

the capacitor values, (d) undemanding use
of the op-amp, especially requirements on

slew rate, bandwidth, and output imped-

ance, (e) the ability to make high-Q fil-

ters, and (0 sensitivity of filter characteris-

tics to component values and op-amp gain
(in particular. the gain-bandwidth product,

fT). In many ways the last feature is one of
the most important. A filter that requires

parts of high precision is difficult to ad-
just, and it will drift as the components
age; in addition, there is the nuisance that
it requires components of good initial ac-
curacy. The VCVS circuit probably owes

most of its popularity to its simplicity and
its low parts count, but it suffers from high
sensitivity to component variations. By

comparison, recent interest in more com-

plicated filter realizations is motivated by
the benefits of insensitivity of filter prop—

erties to small component variability.

In this section we will present several

circuits for low-pass, high-pass, and band-

pass active filters. We will begin with the
popular VCVS, or controlled-source type,
then show the state-variable designs avail-

able as integrated circuits from several
manufacturers, and finally mention the
twin—T sharp rejection filter and some in—
teresting new directions in switched-
capacitor realizations.

5.06 VCVS circuits

The voltage—controlled voltage—source
(VCVS) filter, also known simply as a
controlled-source filter, is a variation of the

Sallen-and—Key circuit shown earlier. It re—
places the unity-gain follower with a non-

inverting amplifier of gain greater than 1.

Figure 5.16 shows the circuits for low-pass,

high-pass. and bandpass realizations. The
resistors at the outputs of the op-amps
create a noninverting voltage amplifier
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(dc coupled)

high-passiilier

9:

 
bandpass filter

Figure 5.16. VCVS active filter circuits.

of voltage gain K, with the remaining
Rs and Cs contributing the frequency rc-
sponsc properties for the filter. These are

2-pole filters, and they can be Butterworth,

Bessel, etc., by suitable choice of compo-

nent values, as we will show later. Any
number of VCVS 2—pole sections may be
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cascaded to generate higher-order filters.
When that is done, the individual filter sec-

tions are, in general, not identical. In fact,

each section represents a quadratic poly-

nomial factor of the nth-order polynomial
describing the overall filter.

There are design equations and tables in
most standard filter handbooks for all the

standard filter responses, usually including
separate tables for each of a number of
ripple amplitudes for Chebyshev filters.
In the next section we will present an

easy-to-use design table for VCVS filters
of Butterworth, Bessel, and Chebyshev

responses (0.5dB and ZdB passband ripple

for Chebyshev filters) for use as low-pass
0r high-pass filters. Bandpass and band-

reject filters can be easily made from
combinations of these.

5.07 VCVS filter design using our

simplified table

To use Table 5.2, begin by deciding which
filter response you need. As we mentioned
earlier, the Butterworth may be attractive
if maximum flatness of passband is de-

sired, the Chebyshev gives the fastest roll-

off from passband to stopband (at the

TABLE 5.2. VCVS LOW-PASS FILTERS

 

Chebyshev Chebyshev
u, Butter- Bessel (0.5dB) (2.0dB)

10’ worth—
a K in K in K in K

2 1.586 1.272 1.268 1.231 1.842 0.907 2.114

4 1,152 1.432 1.034 0,597 1.552 0.471 1.924
2.235 1.506 1.759 1.051 2.660 0.964 2.752

6 1.058 1.607 1.040 0.398 1.537 0.318 1.301
1.536 1.692 1.364 0.760 2.448 0.730 2.648

2.483 1.300 2.023 1.011 2.846 0.933 2.904

8 1.038 1.781 1.024 0.29? 1.522 0.233 1.379
1.33? 1.835 1.213 0.599 2.379 0.572 2.605
1.389 1.953 1.593 0.351 ‘2.711 0.342 2.821
2.810 2.192 2.134 1.006 2.913 0.990 2.946



expense of some ripple in the passband),

and the Bessel provides the best phase char-
acteristics, i.c., constant signal delay in
the passband, with correspondingly good
step response. The frequency responses for

all types are shown in the accompanying
graphs (Fig. 5.17).

To construct an n-pole filter (11 is an

even number), you will need to cascade
n/2 VCVS sections. Only even-order
filters are shown, since an odd-order filter

requires as many op-amps as the next
higher-order filter. Within each section,

R1=R2=R,and01=C2=C. Asis

usual in op-amp circuits, R will typically
be chosen in the range 10k to 100k. (It is
best to avoid small resistor values, because

the rising open—loop output impedance of
the op—amp at high frequencies adds to

the resistor values and upsets calculations.)

Then all you need to do is set the gain, K,
of each stage according to the table entries.
For an n—pole filter there are n/2 entries,
one for each section.

Butterwon‘h low-pass filters

If the filter is a Butterworth, all sections

have the same values of R and C, given
simply by RC = 1/271' fa, where fa is the
desired —3dB frequency of the entire filter.

To make a 6-pole low-pass Butterworth
filter, for example, you cascade three of the
low-pass sections shown previously, with

gains of 1.07, 1.59, and 2.48 (preferably
in that order, to avoid dynamic range

problems), and with identical Rs and Cs

to set the 3dB point. The telescope drive
circuit in Section 8.31 shows such an

example, with f6 = 88.4Hz (R = 180k,

C = 0.01uF).

Bessel and Chebyshev low-pass filters

To make a Bessel or Chebyshev filter with
the VCVS, the situation is only slightly

more complicated. Again we cascade sev—

eral 2—pole VCVS filters, with prescribed

ACTIVE FILTER CIRCUITS

5.07 VCVS filter design using our simplified table

gains for each section. Within each sec-

tion we again use R1 = R2 = R, and
C1 = C2 = C. However, unlike the sit-

uation with the Butterworth, the RC prod-
ucts for the different sections are different

and must be scaled by the normalizing fac—

tor fn (given for each section in Table 5.2)

according to RC =l/27rfnfc. Here fC is
again the —3dB point for the Bessel filter,
whereas for the Chebyshev filter it defines

the end of the passband, i.e., it is the fre-

quency at which the amplitude response

falls out of the ripple band on its way into

the stopband. For example, the response

of a Chebyshev low-pass filter with 0.5dB

ripple and fC = 100Hz will be flat within
+0dB to -0.5dB from dc to 100Hz, with

0.5dB attenuation at 100Hz and a rapid

falloff for frequencies greater than 100Hz.

Values are given for Chebyshev filters with
0.5dB and 2.0dB passband ripple; the lat—
ter have a somewhat steeper transition into

the stopband (Fig. 5.17).

High-pass filters

To make a high-pass filter, use the high-

pass configuration shown previously, i.e.,
with the Rs and Cs interchanged. For But-
terworth filters, everything else remains

unchanged (use the same values for R, C,

and K). For the Bessel and Chebyshev fil—
ters, the K values remain the same, but the

normalizing factors fn must be inverted,
i.e., for each section the new fn equals
1/(fn listed in Table 5.2).

A bandpass filter can be made by cas-

cading overlapping low-pass and high-pass
filters. A band-reject filter can be made

by summing the outputs of nonoverlap—

ping low-pass and high-pass filters. How-
ever, such cascaded filters won't work well

for high—Q filters (extremely sharp band—

pass filters) because there is great sensi—
tivity to the component values in the in—

dividual (uncoupled) filter sections. In
such cases a high-Q single-stage bandpass
circuit (e.g., the VCVS bandpass circuit
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Figure 5.17. Normalized frequency response graphs for the 2—, 4-, 6-, and 8-pole filtersin Table 5.2. The Butterworth and Bessel filters are normalized to 3dB attenuation at unit

frequency, whereas the Chebyshev filters are normalized to 0.5dB and 2dB attenuations.

illustrated previously, or the state—variable
and biquad filters in the next section)

should be used instead. Even a single-stage
2—pole filter can produce a response With
an extremely sharp peak. Information

on such filter design is available in the
standard references.

VCVS filters minimize the number of

components needed (2 poleslop-amp) and
offer the additional advantages of nonin-

verting gain, low output impedance, small

spread of component values, easy adjusta—
bility of gain, and the ability to operate at

high gain or high Q. They suffer from high
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sensitivity to component values and am—
plifier gain, and they don't lend themselves
well to applications Where a tunable filter
of stable characteristics is needed.

EXERCISE 5.3

Design a 6-pole Chebyshev low-pass VCVS
filter with a 0.5dB passband ripple and 100Hz
cutoff frequency fa. What is the attenuation at
1.5fc?

5.08 State-variable filters

The 2—pole filter shown in Figure 5.18 is
far more complex than the VCVS circuits,



ACTIVE FILTER CIRCUITS
5.08 State-variablefilters 

innul bandpass

_ Figure 5.18. State-variable active filter.

but it is popular because of its improved
stability and ease of adjustment. It is
called a state-variable filter and is available

as an IC from National (the AFlOO and

AF150), Burr-Brown (the UAF series), and
others. Because it is a manufactured

module, all components except Ra, Egg,
and the two Rps are built in. Among
its nice properties is the availability of

high-pass, low-pass, and bandpass outputs
from the same circuit; also, its frequency

can be tuned while maintaining constant

Q (or, alternatively, constant bandwidth)
in the bandpass Characteristic. As with

the VCVS realizations, multiple stages

can be cascaded to generate higher—order
filters.

Extensive design formulas and tables are

provided by the manufacturers for the use
of these convenient ICs. They show how
to choose the extemal resistor values to

make Butterworth, Bessel, and Chebyshev

filters for a wide range of filter orders, for

low-pass, high-pass, bandpass, and band-
reject responses. Among the nice features

of these hybrid ICs is integration of the

capacitors into the module, so that only
external resistors need be added.

Bandpass filters

The state-variable circuit, in spite of its

large number of components, is a good
choice for sharp (high-Q) bandpass filters.

It has low component sensitivities, does

not make great demands on op-amp band-
width, and is easy to tune. For example, in
the circuit of Figure 5.18, used as a band—
pass filter, the two resistors RF set the cen-

ter frequency, while RQ and R6 together
determine the Q and band-center gain:

RF = 5.03 x loiffu ohms

RQ = 105/(348Q + G — 1) ohms

RC = 3.16 x 104Q/G ohms

So you could make a tunable-frequency,

constant-Q filter by using a 2-secti0n vari-

able resistor (pot) for RF. Alternatively,

you could make RQ adjustable, producing
a fixed-frequency, variable-Q (and, unfor-

tunately, variable-gain) filter.
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input

EXERClSE 5.4

Calculate resistor values in Figure 5.1 8 to make
a bandpass filter with f0 = 1kHz, Q = 50, and
G = 10.

Figure 5.19 shows a useful variant of
the state-variable bandpass filter. The bad

news is that it uses four op—amps; the good
news is that you can adjust the bandwidth

(i.e., Q) without affecting the midband
gain. In fact, both Q and gain are set with

a single resistor each. Q, gain, and center

frequency are completely independent and
are given by these simple equations:

f0 =1/2'ierC

Q = Ill/Ra
G = Rl/RG
R z 101((noncritical, matched)
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bandpass
0U!

Figure 5.19. A filter with indepen-
T dently settable gain and Q.

bandpass

Figure 5.20. Biquad active filter.

Biquad filter. A close relative of the state

variable filter is the so-called biquad fil-
ter, shown in Figure 5.20. This circuit

also uses three op—amps and can be con—
structed from the state—variable ICs men—

tioned earlier. It has the interesting prop-
erty that you can tune its frequency (via

RF) while maintaining constant bandwidth
(rather than constant Q). Here are the de-

sign equations:

fo 51/211'RFG
BW = I/EWRBC
G = RB/RG

The Q is given by fo/ BW and equals
R3/Rp. As the center frequency is varied
(via RF), the Q varies proportionately,
keeping the bandwidth Q f0 constant.



When you design a biquad filter from
scratch (rather than with an active filter [C

that already contains most of the parts).

the general procedure goes something like
this:

I. Choose an op-amp whose bandwidth fly
is at least 10 to 20 times Gf0.

2. Pick a round-number capacitor value in
the vicinity of

C = 10ffo HF

3. Use the desired center frequency to

calculate the corresponding RF from the

first equation given earlier.

4. Use the desired bandwidth to calculate

R3 from the second equation given ear-
lier.

5. Use the desired band-center gain to
calculate RG from the third equation given
earlier.

You may halvc to adjust the capacitor
value if the resistor values become awk-

wardly large or small. For instance’ ina high—Q1lter you may need to 1ncrease

C somewhat to keep 1133 from becoming
too large (or you can use the T-network

trick described1n Section 4.19). Note that
51,183, and RG each act as op-amp loads

and should not become less than, say, 5k

When juggling component values, you ma
find it eas1er to satisfy requirement
by dec1easing integ1at01 gain (inc1ease RF)
and simultaneously increasing the inverter-

stage gain (increase the 10k feedback resis-
tor).

As an example, suppose we want to
make a filter with the same characteristics

as in the last exercise. We would begin by

provisionally choosing C = 0.01 ,uF. Then
we find RF = 15.9k (f0 = lkHz) and

R5 = 796k (Q = 50; BW=20Hz). Finally,
= 79.6k (G = 10).

EXERCISE 5. 5

Design a biquad bandpass filterwith f0 = 60Hz,
BW=1Hz, and G = 100.

ACTIVE FILTER CIRCUITS
5.09 Twin-T notch filters

Higher order bandpass filters

passwfiII'erIs’Pit fiérligrsslfii’éPosEwualli'ldmgfier
order bandpass filters with approximately
flat bandpass and steep transition to the
stopband.

You do this by cascading several lower-
order bandpass filters, the combination tai-

lored to realize the desired filter type (But-

terworth, Chebyshev, or whatever). As be-
fore, the Butterworth is "maximally flat,"
whereas the Chebyshev sacrifices passband

flatness for steepness of skirts. Both the

VCVS and state-variable/biquad bandpass
filters Just considered are second order
(two pole). As you increase the filter sharp-

ness by adding sections, you generally de-

grade the transient response and phase
characteristics. The "bandwidth” of a

bandpass filter is defined as the width be—
tween —3dB points, except for equiripplé

filters, for which it is the width between

freqltlienciesbdat which the response falls outt e paSSband ripple channel
You can find tables and design proce-

dures for constructing complex filters in

standard books on active filters, or in the

data sheets for active filter ICs. There are
also some very nice filter desrgn programs

that run on inexpensive w01kstations (IBM
PC Macintosh).

[I 5.09 Twin-T notch filters

The passive RC network shown in Figure

5.21_has infinite attenuation at a frequency
fc—— ”2ch Infinite attenuation 15

m

_ er:

I Wt

312

Figure 5.21. Passive twin—T notch filter.
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bootstrap

uncharacteristic of RC filters in general;

this one works by effectively adding two

signals that have been shifted 180° out of

phase at the cutoff frequency. It requires

good matching of components in order to
obtain a good null at fc. It is called a
twin—T, and it can be used to remove an

interfering signal, such as 60Hz power-

line pickup. The problem is that it has
the same "soft" cutoff characteristics as all

passive RC networks, except, of course,

near fc, where its response drops like a
rock For example, a twin—T driven by
a perfect voltage source is down IOdB
at twice (or half) the notch frequency
and 3dB at four times (or one-fourth) the

notch frequency. One trick to improve
its notch characteristic is to "activate" it

in the manner of a Sallen-and-Key filter
(Fig. 5.22). This technique looks good in

principle, but it is generally disappointing
in practice, owing to the impossibility of

maintaining a good filter null. As the filter

notch becomes sharper (more gain in the
bootstrap), its null becomes less deep.

Twin-T filters are available as prefab
modules, going from 1H2 to 50kHz, with
notch depths of about 60dB (with some de-

terioration at high and low temperatures).
They are easy to make from components,

but resistors and capacitors of good stabil-

ity and low temperature coefficient should
be used to get a deep and stable notch.

0230

  Figure 5.22. Bobtstrapped
twin-'1”.

One of the components should be made
trimmable.

The twin-T filter works fine as a fixed-

frequency notch, but it is a horror to make
tunable, since three resistors must be si-

multaneously adjusted while maintaining
constant ratio. However, the remarkably

simple RC circuit of Figure 5.23A, which
behaves just like the twin-T, can be ad-

justed over a signifieantrange of frequency

(at least two octaves) with a single poten-
tiometer. Like the twin—T (and most active

filters) it requires some matching of com-

ponents; in this case the three capacitors
must be identical, and the fixed resistor

must be exactly six times the bottom (ad—

justable) resistor. The notch frequency is
then given by

antfi‘h = 1/25—0 V 3R1R2

Figure 5.238 shows an implementation
that is tunable from 25Hz to 100Hz.

The 50k trimmer is adjusted (once) for
maximum depth of notch.

As with the passive twin-T, this filter

(known as a bridged diflerentiator) has a
gently sloping attenuation away from the

notch and infinite attenuation (assuming
perfect matching of component values)

at the notch frequency. It, too, can be

"activated," by bootstrapping the wiper 0f
the pot with a voltage gain somewhat less

than unity (as in Fig. 5.22). Increasing
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Figure 5.23. Bridged differentiator tunable-
notch filter. The implementation in B tunes
from 25HZ to 100Hz.

the bootstrap gain toward unity narrows
the notch, but also leads to an undesirable

response peak on the high frequency side
of the notch. along with a reduction in
ultimate attenuation.

[I 5.10 Gyrator filter realizations

An interesting type of active filter is made
with gyrators; basically they are used to
substitute for inductors in traditional filter

designs. The gyrator circuit shown in

Figure 5.24 is popular. Z4 will ordinarily
be a capacitor, with the other impedances

ACTIVE FILTER CIRCUITS
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‘2.“ 3214
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3:-

Figure 5.24. Gyrator.

being replaced by resistors, creating an in-

ductor L = ICC, where k = RleRs/Rz.
It is claimed that these gyrator-substituted
filters have the lowest sensitivity to compo—

nent variations, exactly analogous to their

passive RLC prototypes.

5.11 Switched capacitor filters

One drawback to these state-variable or

biquad filters is the need for accurately
matched capacitors. If you build the
circuit from op—amps, you've got to get

pairs of stable capacitors (not ceramic or

electrolytic), perhaps matched as closely
as 2% for optimum performance. You
also have to make a lot of connections,
since the circuits use at least three 0p—

amps and six resistors for each 2—pole
section. Alternatively, you can buy a

filter IC, letting the manufacturer figure

out how to integrate matched IOOOpF
capacitors into his IC. IC manufacturers

have solved those problems, but at a price:
The AFIOO "Universal Active Filter" IC

from National is a hybrid IC and costs
about $10 apiece.
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Figure 5.25. A. Switched-capacitorintegrator
B. conventional integrator.

There's another way to implement the

integrators that are needed in the state-

variable or biquad filter. The basic idea is
to use MOS analog switches. clocked from

an externally applied square wave at some
high frequency (typically 100 times faster

than the analog signals of interest), as

shown in Figure 5.25. In the figure, the

funny triangular object is a digital inverter,
which turns the square wave upside down
so that the two MOS switches are closed

on opposite halves of the square wave.

The circuit is easy to analyze: When 8'1

is closed, Cl charges to Vin, i.e., hold-
ing charge ClVin; on the alternate half

of the cycle, Cl discharges into the vir—
tual ground, transferring its charge to 02.

The voltage across C2 therefore changes by

an amount AV = fiQ/Ca = VinCl/Cg.
Note that the output voltage change during
each cycle of the fast square wave is pro-

portional to Vin (which we assume changes

only a small amount during one cycle of
square wave), i.e., the circuit is an integra-
tor! It is easy to show that the integrators
obey the equations in the figure.
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EXERCISE 5.6

Derive the equations in Figure 5.25

There are two important advantages to
using switched capacitors instead of con-
ventional integrators. First, as hinted ear-

lier, it can be less expensive to implement
on silicon: The integrator gain depends
only on the ratio of two capacitors, not

on their individual values. In general it
is easy to make a matched pair of any-

thing on silicon, but very hard to make a
similar component (resistor or capacitor)

of precise value and high stability. As a

result, monolithic switched-capacitor filter

ICs are very inexpensive — National's uni—
versal switched—capacitor filter (the MF10)

costs $2 (compared with $10 for the con—

ventional AFlOO) and furthermore gives
you two filters in one package!

The second advantage of switched—

capacitor filters is the ability to tune the

filter's frequency (e.g., the center frequency
of a bandpass filter, or the —3dB point of

a low-pass filter) by merely changing the
frequency of the square wave (“clock”) in-

put. This is because the characteristic fre—

quency of a state-variable or biquad filter
is proportional to (and depends only on)

the integrator gain.
Switched-capacitor filters are available

in both dedicated and "universal" configu-
rations. The former are prewired with on—

chip components to form bandpass or low-
pass filters, while the latter have various in-

termediate inputs and outputs brought out
so you can connect external components

to make anything you want. The price you
pay for universality is a larger IC package
and the need for external resistors. For ex—

ample, National's self—contained MF4 But-
terworth low-pass filter comes in an 8-pin
DIP ($1.30), while their MF5 universal fil-

ter comes in a 14-pin DIP ($1.45), requir-

ing 2 or 3 external resistors (depending on
which filter configuration you choose). Fig-

ure 5.26 showsjust 110w easy it is to use the
dedicated type.



 sig in sig out
(low—pass.
rm: 1kH7)
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Figure 5.26

Now for the bombshell: Switched-

capacitor filters have three annoying char—

acteristics, all related and caused by the
presence of the periodic clocking signal.

First, there is clock feedthrough, the pres—
ence of some output signal (typically about

lOmV to 25mV) at the clock frequency, in-
dependent of the input signal. Usually this
doesn't matter, because it is far removed

from the signal band of interest. If clock

feedthrough is a problem, a simple RC fil-
ter usually gets rid of it. The second prob-

lem is more subtle: If the input signal has
any frequency components near the clock

frequency, they will be "aliased" down into

the passband. To state it precisely, any in-

put signal energy at a frequency that differs
from the clock frequency by an amount
corresponding to a frequency in the pass-

band will appear (unattenuated!) in the
passband. For example, if you use an

258k
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MF4 as a lkHz low—pass filter (i.e., set

fclock = 100kHz), any input signal energy
in the range of 99kHz—101kHZ will appear
in the output band of dc—lkHz. No filter at
the output can remove it! You must make

sure the input signal doesn't have energy
near the clock frequency. If this isn't natu-
rally the case, you can usually use a simple

RC filter, since the clock frequency is typi-
cally quite far removed from the passband.
The third undesirable effect in switched-

capacitor filters is a general reduction in
signal dynamic range (an increase in the

"noise floor") due to incomplete cancella-

tion of MOS switch charge injection (see

Section 3.12). Typical filter ICs have dy—
namic ranges of 80dB—90dB.

Like any linear circuit, switched-capaci-

tor filters (and their op—amp analogs) suf—
fer from amplifier errors such as input off-

set voltage and l/f low—frequency noise.
These can be a problem if, for example,
you wish to low—pass filter some low-level
signal without introducing errors or fluc-

tuations in its average dc value. A nice
solution is provided by the clever folks at

Linear Technology, who dreamed up the
LTC1062 "DC Accurate Low-Pass Filter"

(or the MAX280, with improved offset
voltage). Figure 5.27 shows how you use

it. The basic idea is to put the filter out-

side the dc path, letting the low-frequency
signal components couple passively to the

output; the filter grabs onto the signal line
only at higher frequencies, where it rolls
off the response by shunting the signal to

flgom | 5‘

 
Figuie 5.27. LTC1062 "dc-accurate" low-pass filter.
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ground. The result is zero dc error, and
switched-capacitor—type noise only in the

vicinity of the rollofl (Fig. 5.28).
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Figure 5.28

Switched—capacitor filter ICs are widely
available, from manufacturers such as

AMI-Gould, Exar, LTC, National, and

EGG-Reticon. Typically you can put the

cutoff (or band center) anywhere in the

range of dc to a few tens of kilohertz, as set
by the clock frequency. The characteristic

frequency is a fixed multiple of the clock,
usually 50folk or 100fclk- Most switched-
capacitor filter ICs are intended for low-

pass, bandpass, or notch (band-stop) use,

though a few (e.g., the AM] 3529) are de-
signed as high-pass filters. Note that clock
feedthrough and discrete (clock frequency)
output waveform quantization effects are

particularly bothersome in the latter case,
since they're both in—band.

OSCILLATORS

5.12 Introduction to oscillators

Within nearly every electronic instrument
it is essential to have an oscillator or wave-

form generator of some sort. Apart from

0234

the obvious case of signal generators, func—

tion generators, and pulse generators them—
selves, a source of regular oscillations is

necessary in any cyclical measuring instru-
ment, in any instrument that initiates mea-

surements or processes, and in any instru-
ment whose function involves periodic

states or periodic waveforms. That in-

cludes just about everything. For exam-
ple, oscillators or waveform generators are

used in digital multimeters, oscilloscopes,

radiofrequency receivers, computers, ev-
ery computer peripheral (tape, disk, prin—
ter, alphanumeric terminal), nearly every

digital instrument (counters, timers, calcu—

lators, and anything with a "multiplexed
display"), and a host of other devices too
numerous to mention. A device without

an oscillator either doesn't do anything

or expects to be driven by something else
(which probably contains an oscillator). It

is not an exaggeration to say that an oscil—

lator of some sort is as essential an ingre-
dient in electronics as a regulated supply
of dc power.

Depending on the application, an oscil—

lator may be used simply as a source of
regularly spaced pulses (e.g., a "clock" for

a digital system), or demands may be made

on its stability and accuracy (e.g., the time
base for a frequency counter), its adjusta-

bility (e.g., the local oscillator in a trans-
mitter or receiver), or its ability to produce
accurate waveforms (e.g., the horizontal-

sweep ramp generator in an oscilloscope).

In the following sections we will treat
briefly the most popular oscillators, from
the simple RC relaxation oscillators to the

stable quartz-crystal oscillators. Our aim
is not to survey everything in exhaustive

detail, but simply to make you acquainted
with what is available and what sorts of 05-
cillators are suitable in various situations.

5.13 Relaxation oscillators

A very simple kind of oscillator can be

made by charging a capacitor through a
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Figure 5.29. Op—amp relaxation oscillator.

resistor (or a current source), then dis—

charging it rapidly when the voltage

reaches some threshold, beginning the cy—
cle anew. Alternatively, the external circuit

may be arranged to reverse the polarity of
the charging current when the threshold is

reached, thus generating a triangle wave
rather than a sawtooth. Oscillators based

on this principle are known as relaxation

oscillators. They are inexpensive and sim-

ple, and with careful design they can be
made quite stable in frequency.

In the past, negative—resistance devices
such as unijunction transistors and neon
bulbs were used to make relaxation oscil-

lators, but current practice favors op—amps
or special timer ICS. Figure 5.29 shows a

classic RC relaxation oscillator. The oper-
ation is simple: Assume that when power

is first applied, the op-amp output goes to
positive saturation (it's actually a toss-up

which way it will go, but it doesn't mat-
ter). The capacitor begins charging up to-
ward V+, with time constant RC. When it

reaches one-half the supply voltage, the op-
amp switches into negative saturation (it's

a Schmitt trigger), and the capacitor begins
discharging toward V. with the same time

constant. The cycle repeats indefinitely,
with period 2.2RC, independent of sup-
ply voltage. A CMOS output-stage op-amp
(see Sections 4.11 and 4.22) was chosen

because its outputs saturate cleanly at the

supply voltages. The bipolar LMlO also
swings rail-to-rail and, unlike CMOS op-

OSCILLATORS
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amps, allows operation at a full £15 volts;

however, it has a much lower fT (0.1MHZ).

EXERCISE 5.7

Show that the period is as stated.

By using current sources to charge the

capacitor, a good triangle wave can be

generated. A clever circuit using that
principle was shown in Section 4.29.

R}. 2 10R;

3, C 1RC

*EI'LFL

\/"CMOS inverters"

(each is éof a 74Hco4;powered Irom + 5V)

Figure 5.30

Sometimes you need an oscillator with
very low noise content (also called "low

sideband noise"). The simple circuit of
Figure 5.30 is good in this respect. It
uses a pair of CMOS inverters (a form of

digital logic we'll use extensively

in Chapters 8—11) connected together to
form an RC relaxation oscillator with

square wave output. Actual measurements

0235
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Figure 5.31. Low—noise oscillator.

1 OOkHzon this circuit running at

show close-in sideband noise power
density (power per square root hertz,
measured lOOHz from the oscillator

frequency), down at least 85dB rela-
tive to the can‘ier. You sometimes see

a similar circuit, but with R2 and C

interchanged. Although it still oscillates

fine, it is extremely noisy by compari-
son.

The circuit of Figure 5.31 has even lower
noise and furthermore lets you modulate
the output frequency via an external cur-

rent applied to the base of Q1. In this
circuit Q1 operates as an integrator, gener-
ating an asymmetrical triangle waveform
at its collector. The inverters operate as
a noninverting comparator, alternating the

polarity of the base drive each half cy—
cle. This circuit has close—in noise density

of —90dBc/\/m measured lOOHz from
the 150kHz carrier, and -100dBc/m
measured at an offset of SOOHZ. Al-

though these circuits excel in low side-

band noise, the oscillation frequency has
more supply-voltage sensitivity than

other oscillators discussed in this chap-
ter.
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5.14 The classic timer chip: the 555

The next level of sophistication involves

the use of timer or waveform-generator ICs
as relaxation oscillators. The most popular

chip around is the 555 (and its successors).

It is also a misunderstood chip, and we

intend to set the record straight with the
equivalent circuit shown in Figure 5.32.

Some of the symbols belong to the digital

world (Chapter 8 and following), so you
won't become a 555 expert for a while yet.
But the operation is simple enough: The
output goes HIGH (near VCC) when the

555 receives a TRIGGER' input, and it
stays there until the THRESHOLD input
is driven, at which time the output goes

LOW (near ground) and the DISCHARGE
transistor is turned on. The TRIGGER’

input is activated by an input level below

%V001 and the THRESHOLD is activated
by an input level above chc.

The easiest way to understand the work—
ings of the 555 is to look at an example

(Fig. 5.33). When power is applied, the

capacitor is discharged; so the 555 is trig-
gered, causing the output to go

HIGH, the discharge transistor Q1 to turn
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Figure 5.32. Simplified 555 schematic.
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Figure 5.33. The 555 connected as an oscillator.

off, and the capacitor to begin charging

toward 10 volts through RA + RB. When

it has reached chc, the THRESHOLD

3mm @W
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Tpreset

input is triggered. causing the output to

go LOW and Q1 to turn on, discharging

C toward ground through RB. Operation
is now 0 die. with C’s voltage going

between 51/00 and $473. with period
T = 0.693(RA + 2RB)C. The output
you generally use is the square wave at the
output.

EXEHCBE 58

Show that the period is as advertised, indepen-
dent of supply voltage.

The 555 makes a respectable oscillator.
with stability approaching 1%. It can run
from a single positive supply of 4.5 to 16

volts, maintaining good frequency stability
with supply voltage variations because the

thresholds track the supply fluctuations.
The 555 can also be used to generate

0237



288
ACTIVE FILTERS AND OSCILLATORS

Chapter 5

single pulses of arbitrary width, as well

as a bunch of other things. It is really a
small kit, containing comparators, gates,

and flip-flops. It has become a game in the

electronics industry to try to think of new
uses for the 555. Suffice it to say that many
succeed at this new form of entertainment.

Acaution about the 555: The 555, along
with some other timer chips, generates a

big (wl 50mA) supply—current glitch during
each output transition. Be sure to use

a hefty bypass capacitor near the chip.
Even so, the 555 may have a tendency to

generate double output transitions.

CMOS 5555

Some of the less desirable properties of
the 555 (high supply current, high trigger

current, double output transitions, and
inability to run with veiy low supply

voltage) have been remedied in a collection
of CMOS successors. You can recognize

these by the telltale "555" somewhere in

the part number. Table 5.3 lists most of

these that we could find, along with their

important specifications. Note particularly

the ability to operate at very low supply

voltage (down to 1V!) and the generally
low supply current. These chips also can

run at higher frequency than the original
555. The CMOS output stages give rail—

to—rail swing, at least at low load currents
(but note that these chips don't have
the output-current muscle of the standard
555). All chips listed are CMOS except

for the original 555 and the XR-L555.
The latter is intended as a bipolar low—

power 555 and reveals its pedigree by the
hefty output sourcing capability and good
tempco.

The 555 oscillator of Figure 5.33 gen-

erates a rectangular-wave output whose
duty cycle (fraction of time the output is

HIGH) is always greater than 50%. That
is because the timing capacitor is charged

through the series pair RA + RB, but
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Figure 5.34. Low-duty—cycle oscillator.

discharged (more rapidly) through RB

aione. Figure 5.34 shows how to t1ick the

555 into giving you low duty-cycle posi-

tive pulses. The diode/resistor combina-

tion charges timing capacitor rapidly via
the output, with slower discharge via the

internal discharge transistor. You can only

play this trick with a CMOS 555, because

you need the full positive output swing.
By using a current source to charge the

timing capacitor, you can make a ramp (or
"sawtooth-wave") generator. Figure 5.35
shows how, using a simple pnp current

source. The ramp charges to §VCC. then
discharges rapidly (through the 555’s npn

discharge transistor, pin 7) to é-ch, be-
ginning the ramp cycle anew. Note that the
ramp waveform appears on the capacitor

terminal and must be buffered with an op-
amp since it is at high impedance. In this

circuit you could simplify things somewhat

by using a JFET "current-regulator diode"
(Section 3.06) in place of the pnp current
source; however, the performance (ramp

linearity) would be slightly degraded, be-

cause a JFET operating at 1033 is not as

good a current source as the bipolar tran-
sistor circuit.

Figure 5.36 shows a simple way to
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Figure 5.35. Sawtooth oscillator.

generate a triangle wave with a CMOS 555.
Here we wired a pair of JFET current reg-
ulators in series to generate a bidirectional

current regulator (each current regulator

 

 
 

feu-1N528? '
lO.33mAl

+10?
+5+

our

behaves like a normal diode in the reverse

direction, owing to gate—drain conduction).
The rail—to—rail output swing thus generates

a constant current, of alternating polarity,

producing a triangle waveform (going be-

tween the usual ch-c and §Vcc) at the
capacitor. As before, you have to buffer

the high-impedance waveform with an op-
amp. Note that you must use a CMOS
555, particularly when operating the cir-
cuit from +5 volts, since the circuit de-

pends on a full rail-to-rail output swing.

For example, the HIGH output of a bipo-
lar 555 is typically 2 diode drops below the
positive rail (npn Darlington follower), or

+3.8 volts with a 5 volt supply; this leaves
only 0.5 volt across the series pair of cur—

rent regulators at the top of the waveform,

obviously insufficient to turn on the cur—
rent regulator (approximately lV) and the
series JFET diode (0.6V).

EXERCISE 5.9

Demonstrate that you understand the circuits
of Figures 5.35 and 5.36 by calculating the
frequency of oscillation in each case.

‘allernative T ‘bidirectional
current
legula'lor: 
 

 

l N528?
tor REFZDD}

M 1KH¢trianglfi out

10M

Figure 5.36. Triangle generator.
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There are some other interesting timer

chips available. The 322 timer from Na-

tional includes its own internal precision
voltage reference for determining the
threshold. That makes it an excellent

choice for generating a frequency propor-

tional to an externally supplied current. as.
for example, from a photodiode. Another
class of timers uses a relaxation oscillator

followed by a digital counter, in order to
generate long delay times without resort-

ing to large resistor and capacitor values.

Examples of this are the 74HC4060, the
Exar 2243, and thc lntcrsil ICM7242 (also

made by Maxim). The latter is CMOS,

runs on a fraction of a milliamp. and gen-
erates an output pulse every 128 oscillator

cycles. These timers (and their near rela-

tives) are great for generating delays from
a few seconds to a few minutes.

5.15 Voltage-controlled oscillators

Other IC oscillators are available as vol-

tage-controlled oscillators (VCO’s), with

the output rate variable over some range

according to an input control voltage.
Some of these have frequency ranges ex-
ceeding 1000:1. Examples are the original

NE566 and later desi ns like the LM331,
8038. 2206, and 74L 624—9 series.

The 74L3624 series. for example. gen-
erates digital-logic-level outputs up to 20

MHz and uses external RCs to set the
nominal frequency. Faster VCOs like the
1648 can produce outputs to 200MHz.
and in Chapter 13 we'll see how to make
VCOs that operate in the gigahertz range.

The LMJJI is actu'élly an example of a
voltage—to~freguency (V/F) converter, de-

signed for good linearity (see Sections 9.20
and 9.27). Where linearity is important,
recent V/F converters like the AD650

really do thc job, with linearity of 0.005%.
Most VCOs use internal current sources

to generate triangle—wave outputs, and the
8038 and 2206 even include a set of "soft"

clamps to convert the triangle wave to a

not-too-great sine wave. VCO chips some-
times have an awkward reference for the

control voltagc (cg, thc positivc supply)
and complicated symmetrizing schemes
for sine-wave output. It is our opinion

that the ideal VCO has yet to be devel—

oped. Many of these chips can be used
with an external quartz crystal. as we will

discuss shortly, for much higher accuracy
and stability; in such cases the crystal sim-
ply replaces the capacitor. Figure 5.37
shows a VCO circuit with an output fre-

quency range of 10Hz to lOkHz built with
the LM331.

When shopping for VCO chips, don't
overlook the ICs known as phasc-lockcd
loops (PLL), which contain both a VCO

and a phase detector. An example is the

popular CMOS 4046 (and its faster cousin,
the 74HC4046). We will discuss PLLs in
Sections 9.27—9.31. Table 5.4 lists most of
the available VCOs.

5.16 Quadrature o§clllétors _
There are times when you need an oscfl-

lator that generates a simultaneous pair
of equal-amplitude sine waves, 90° out of
phase. You can think of the pair as sine

and cosine. This is referred to as a quadra-

ture pair (the signals are "in quadrature").

One important application is in radio com—
munications circuits (quadrature mixers,

single-sideband generation). Furthermore.
as we‘ll explain below, a quadrature pair
is all you need to generate any arbitrary

phase.
The first idea you might invent is to

apply a sineewave signal to an integrator

(or differentiator), thus generating a 90°-
shifted cosine wave. The phase shift is

right, but the amplitude is wrong (figure
out why). HCrC are some methods that do
work:

El Switched-capacitor resonator

Figure 5.38 shows how to use an MF5

switched-capacitor filter [C as a self-excited
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OUt 
Figure 5.37. Typical V/F converter [C (0 t0 lOkHz VCO).

J'Llll'L

 
Figure :
Figure 5.38. Switched-capacitor quadrature- oscillator.

bandpass filter to generate a quadrature stand it is to assume there is already a
sine-wave pair. The easiest way to under— sine-wave output present; the comparator
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OSCILLATORS
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Supply voltage
Max —

freq min max Linearity
Type Mfga Family” (MHz) Outputsc (V) (V) (at 10kHz) Comments

VFC32 BB+ L 0.5 OC :9 :18 0.01% indus. st'd; good linearity
VF062C BB L 1 DC 113 120 0.002% excellent linearity
VFC110B BB L 4 OC :8 :13 0.005% fast, exc lin, int Vref
748124 Tl T 60 30 4.75 5.25
74L5624-9 Tl T 20 30 4.75 5.25

74LS724 Tl T 16 SD 4.75 5.25 mini-DIP
21 5 XR L 35 SO 5 26 PLL

LM331 NS L 0.1 DC 4 4D inexpensive, good linearity
AD537 AD L 0.1 00 4.5 36 0.02%
566 SN L 1 SQT 1 0 24
AD650 AD L 1 00 is 118 0.005% excellent linearity

AD654 AD L 0.5 00 4.5 as 41.1%” inexpensive
1648 M0 E ‘200 P -5.2

1658 M0 E 130 P -5.2
XR2206 XR L 0.5 SQT‘SW 10 25 2% 0.5% sine dist (trimmed)
XR2207 XR L' 0.5 SQT 8 25 1%
XR2209 XR L 1 SQT :4 £13 1%
XFl2212 XR L 0.3- SQ 4.5 20 PLL
XR2213 XR L 0.3‘ 50 4.5 15 PLL
4024 M0 T 25 50 4.75 5.25
4046 RC+ C 1 SO 3 15 CMOS PLL
HC4046 RC+ c 15' so a 6 fast 4046
4151 RA L 0.1 DC a 22 0.013%
4152 RA L 0.1 DC. 7 18 0.007%

4153A RA L 0.5 DC i12 113 0.002% excellent lin, easy to use
8038 IL iL 0.1 SOILSW 10 30 0.2% Exar 8038 to 1MHz
TSC9401 TP L 0.1 OC :4 {/5 0.01% V/F, linear, stable

(3! see footnotes to Table 4.1. "=1 families: 0 — CMOS; E — ECL; L — linear; T — TTL. 1°] outputs: oc —
open collector, pulses; P — pulses; SQ , square waves; SW — sine waves; T —triangle. 1‘” at 250kHz. 

converts this to a small-amplitude ( l diode

drop) square wave, which is fed back as
the filter's input. The filter has a narrow
bandpass (Q = 10), so it converts the in—

put square wave to a sine—wave output,
sustaining the oscillation. A square—wave

clock input (CLK) determines the band-
pass center frequency, hence the frequency

of oscillation, in this case fem/100. The
circuit is usable over a frequency range
of a few hertz to about 10kHz and gen-

erates a quadrature pair of sine waves of
equal amplitude. Note that this circuit will

actually have a "staircase" approximation
to the desired sine-wave output, owing to

the quantized output steps of thc switched
filter.

El Analog trigonometric-functiongenerator

Analog Devices makes an interesting non—
linear "function IC" that converts an in-

put voltage to an output voltage propor-

tional to sin(AVin), where the gain A is
fixed at 50D per volt. In fact, this chip,
the AD639, can actually do a lot more: It

has four inputs, called X1, X2, Y1, and
Y2, and generates as output the voltage

l/out = SlIl(X1 — X2)/ sin(Y1 — Y2). Thus,
for example, by setting X1 = Y1 = 90°

0243
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Figure 5.39. Trigonometric—function oscillator.

(i.e., +1.8 volt), Y2 = 0 (ground), and ap-
plying an input voltage to X2, we generate
cos(X2).

EXERCISE 5.10

Prove the last statement.

The AD639 even gives you a precise +1.8
volt output, to make life easy. Thus, a pair

of AD639s, driven by a 1.8 volt amplitude

triangle wave, generates a quadrature sine-
wave pair, as shown in Figure 5.39. The
AD639 operates from dc to about lMHz.

El Lookup table

This is a digital technique, which you will

fully understand only after you've read
Chapter 9. The idea is to program a digital
memory with the numerical values of sine

and cosine for a large set of equally spaced

angle arguments (say for every 1°). You
then make sine waves by rapidly generat-

ing the sequential addresses, reading the
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memory values for each address (i.e., each
sequential angle), and applying the digital

values to a pair of digital-to-analog (D/A)
converters.

This method has some drawbacks. As

with the switched-capacitor resonator, the
output is actually a staircase wave, since it
is constructed from a set of discrete volt—

ages, one for each table entry. You can,
of course, use a low-pass filter to smooth

the output; but having done so, you cannot

span a wide range of frequencies, since the
low-pass filter must be chosen to pass the
sine wave itself while blocking the (higher)
angle step frequency (the same problem ap-

plies to the switched-capacitor resonator).
Decreasing the angular step size helps, but
reduces the maximum output frequency.

With typical D/A converter speeds of
something less than a microsecond, you
can make sine waves up to a few tens
of kilohertz or so, assuming you use an—

gle steps of a degree or so. D/A con—
verters also tend to generate large output

spikes ("glitches") while jumping between



 
diode limfler at Ur .

H

at“? + meh 1

Figure 5.40

output voltages. You can get full-scale

glitches even when jumping between ad-
jacent (closest) output voltage levels! In

Chapter 9 we'll see deglitching techniques

to eliminate this problem. D/A converters
are available with resolutions up to 16 bits

(1 part in 65,536).

|:| State-variable oscillator

The preceding methods all require some
hard work. Luckily, the friendly folks at
Burr—Brown have done their homework

and have come up with the model 4423

"precision quadrature oscillator." It uses

the standard 3-op-amp state-variable band-
pass filter circuit (Figure 5.18), with the

output diode-limited and fed back as in-
put (see Fig. 5.40). It claims to operate

from 0.002Hz to 20kHz, with good control
of phase shift, amplitude. and frequency

VI fl
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stability (100ppm/°C, max). The 4423 is a
module (not a monolithic IC) in a 14—pin

molded DIP; it costs $24 in small quanti-
ties.

El Phase sequence filters

There are tricky RC filter circuits that
have the property of accepting an input
sine wave and producing as output a

pair of sine-wave outputs whose phase
diflerence is approximately 90°. The

radio hams know this as the "phasing"

method of single-sideband generation (due
to Weaver), in which the input signal

consists of the speech waveform that you
want to transmit.

Unfortunately, this method works satis-

factorily only over a rather limited range

of frequencies and requires precision resis-
tors and capacitors.

A better method for wideband quadra-

ture generation uses "phase sequence net-

works," consisting of a cyclic repetitive

structure of equal resistors and geometri-

cally decreasing capacitors, as in Figure

5.41. You drive the network with a sig-

nal and its lSOO-shifted cousin (that's easy,

since all you need is a unity-gain inverter).
The output is a fourfold set of quadrature

signals, with a 6-section network giving

i0.5° error over a 100:1 frequency range.

quadrature
outputs

. Phase-sequence
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295



ACTIVE FILTERS AND OSCILLATORS

296 Chapter 5

El Quadrature square waves generating the inverted (180‘-shifted) sig—

For the special case of square waves,

generating quadrature signal s is a lead-pipe

cinch. The basic idea is to generate twice
the frequency you need, then divide by

2 with digital flip—flops (Chapter 8) and
decode with gates (Chapter 8 again). This
technique is essentially perfect from dc to
at least 100MHz.

El Radiofrequency quadrature

At radiofrequencies (upward of a few
megahertz) the generation of quadrature

sine-wave pairs again becomes easy, using
devices known as quadrature hybrids (or

quadrature splitter/combiners). At the low-
frequency end of the radio spectrum (from

a few megahertz to perhaps lGHz) these
take the form of small core-wound trans-

formers, while at higher frequencies you
fmd incarnations in the form of stripline

(strips of foil insulated from an underlying
ground plane) or waveguide (hollow rect—

angular tubing). We'll see these again in

Chapter 13. These techniques tend to be
fairly narrow—band, with typical operating
bandwidths of an octave (i.e., ratio of 2:1).

[I Generating a sine wave of arbitrary
phase

Once you have a quadrature pair, it's easy
to make a sine wave of arbitrary phase.
You simply combine the in-phase (I)and
quadrature (Q) signals in a resistive com-

biner, made most easily with a potentiome-

ter going between the I and Q signals.

As you rotate the pot, you combine the I

and Q in different proportions, taking you
smoothly from 0° to 90° phase. If you
think in terms of phasors, you‘ll see that

the resulting phase is completely indepen—
dent of frequency; however, the amplitude

varies somewhat as you adjust the phase,

dropping 3dB at 45°. You can extend this
simple method to the full 360° by simply

0246

nals, I' and Q', with an inverting amplifier
of gain GV = —1.

[I 5.17 Wien bridge and LC oscillators

When a low-distortion sine wave is re-

quired, none of the preceding methods is
generally adequate. Although wide—range

function generators do use the technique

of "corrupting" a triangle wave with diode
clamps, the resulting distortion can rarely

be reduced below 1%. By comparison,
most hi—fi audiophiles insist on distortion

levels below 0.1% for their amplifiers. To
test such low-distortion audio components,

pure sine-wave signal sources with resid-
ual distortion less than 0.05% or so are

required.

At low to moderate frequencies the
Wien bridge oscillator (Fig. 5.42) is a good

source of low-distortion sinusoidal signals.

The idea is to make a feedback amplifier

with 180° phase shift at the desired out-
put frequency, then adjust the loop gain so

that a self-sustaining oscillation just barely

takes place. For equal-value Rs and Cs
as shown, the voltage gain from the non-

inverting input to op-amp output should

be exactly +3.00. With less gain the os-
cillation will cease, and with more gain
the output will saturate. The distortion is
low if the amplitude of oscillation remains
within the linear region of the amplifier,

i.e., it must not be allowed to go into a
full-swing oscillation. Without some trick

to control the gain, that is exactly what
will happen, with the amplifier's output in-

creasing until the effective gain is reduced
to 3.0 because of saturation. The tricks

involve some sort of long-time-constant

gain—setting feedback, as you will see.
In the first circuit, an incandescent lamp

is used as a variable—resistance feedback

element. As the output level rises, the

lamp heats slightly, reducing the nonin-
verting gain. The circuit shown has less
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Figure 5.42. Wien—bridge low—distortion oscil—
lators.

than 0.003% harmonic distortion for au—

diofrequencies above lkHz; see LTC App.
Note 5(12/84) for more details. In the

second circuit, an amplitude discriminator

consisting of the diodes and RC adjusts
the ac gain by varying the resistance of the
FET, which behaves like a voltage-variable
resistance for small applied voltages (see
Section 3.10). Note the long time con-
stant used (25); this is essential to avoid
distortion, since fast feedback will distort

the wave by attempting to control the am-
plitude within the time of one cycle.

D 5.18 LC oscillators

At high frequencies the favorite method of

sine—wave generation is an LC—controlled
oscillator, in which a tuned LC is con-

nected in an amplifier-like circuit to pro—
vide gain at its resonant frequency. Over—

all positive feedback is then used to cause
a sustained oscillation to build up at the

LC's resonant frequency; such circuits are

self-starting.
Figure 5.43 shows two popular configu-

rations. The first circuit is the trusty Col—

pitts oscillator, a parallel tuned LC at the
input, with positive feedback from the out—

put. For this circuit it is claimed that its
distortion is less than —60dB. The second

circuit is a Hartley oscillator, built with an

npn transistor. The variable capacitor is
for frequency adjustment. Both circuits

use link coupling, just a few turns of wire
acting as a step-down transformer.

LC oscillators can be made electrically
tunable over a modest range of frequen-

cy. The trick is to use a voltage—variable
capacitor ("varactor") in the frequency-

determining LC circuit. The physics of

diode junctions provides the solution, in
the form of a simple reverse-biased diode:

The capacitance of a pn junction decreases
with increasing reverse voltage (see Fig.

13.3). Although any diode acts as a varac-

tor, you can get special varactor diodes de-
signed for the purpose; Figure 5.44 shows
some representative types. Figure 5.45

shows a simple JFET Colpitts oscillator
(with feedback from the source) with :l: 1%

tunability. In this circuit the tuning range
has been made deliberately small, in order
to achieve good stability, by using a rela-

tively large fixed capacitor ( l OOpF) shunted
by a small tunable capacitor (maximum

value of lSpF). Note the large biasing re-
sistor (so the diode bias circuit doesn't load

the oscillation) and the dc blocking capac-
itor. See also Section 13.1 1.

Varactors typically provide a maximum
capacitance of a few picofarads to a few
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hundred picofarads, with a tuning range of
about 3:1 (although there are wide range
varactors with ratios as high as 15:1).
Since the resonant frequency of an LC
circuit is inversely proportional to the

square root of capacitance, it is possible
to achieve tuning ranges of up to 4:1 in

frequency, though more typically you're

talking about a tuning range of :l:25% or
SO

In varactor-tuned circuits the oscillation

itself (as well as the externally applied dc

tuning bias) appears across the varactor,

causing its capacitance to vary at the signal

frequency. This produces oscillator wave-

form distortion, and, more important, it

0248

causes the oscillator frequency to depend
somewhat on the amplitude of oscillation.
In order to minimize these effects, you

should limit the amplitude of the oscilla-
tion (amplify in following stages, if you

need more output); also, it's best to keep

the dc varactor bias voltage above a volt or
so, in order to make the oscillating voltage
small by comparison.

Electrically tunable oscillators are used

extensively to generate frequency modula-

tion, as well as in radiofrequency phase—
locked loops. We will treat these subjects

in Chapters 9 and 13.
For historical reasons we should men-

tion a close cousin of the LC oscillator,

namely the tuning-fork oscillator. It used

the high-Q oscillations of a tuning fork
as the frequency-determining element
of an oscillator, and it found use in low-

frequency standards (stability of a few
parts per million, if run in a constant-

temperature oven) as well as wristwatches.
These objects have been superseded by

quartz oscillators, which are discussed in
the next section.

[I Parasitic oscillations

Suppose you have just made a nice ampli-

fier and are testing it out with a sine-wave
input. You switch the input function gen-

erator to a square wave, but the output
remains a sine wave! You don't have an

amplifier; you‘ve got trouble.

Parasitic oscillations aren't normally as

blatant as this. They are normally ob-
served as fuzziness on part of a wave—
form, erratic current—source operation, un—

explained op—amp offsets, or circuits that
behave normally with the oscilloscope

probe applied, but go wild when the scope
isn't looking. These are bizarre manifesta-

tions of untamed high-frequency parasitic
oscillations caused by unintended Hartley

or Colpitts oscillators employing lead in-

ductance and interelectrode capacitances.
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Figure 5.45. Voltage—tuned LC oscillator.

The circuit in Figure 5.46 shows an 08- seemed to vary excessively (5% to 10%)
cillating current source born in an electron- with load voltage variations Within its ex-

its lab course Where a VOM was used to pected compliance range, a symptom that

measure the output compliance of a stan— could be "cured" by sticking a linger on
dard transistor current source. The current the collector lead!
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Figure 5.46. Parasitic oscillation example.

capacitance of the transistor and the meter

capacitance resonated with the meter in-
ductance in a classic Hartley oscillator cir-

cuit, with feedback provided by collector-

emitter capacitance. Adding a small base
resistor suppressed the oscillation by re-

ducing the high-frequency common-base

gain. This is one trick that often helps.

5.19 Quartz-crystal oscillators

RC oscillators can easily attain stabilities
approaching 0.1%, with initial predictabil—
ity of 5% to 10%. That's good enough for
many applications, such as the multiplexed
display in a pocket calculator, in which a
multidigit numerical display is driven by
lighting one digit after another in rapid

succession (a lkHz rate is typical). Only
one digit is lit at any time, but your eye

sees the whole display. In such an appli-
cation the precise rate is quite irrelevant

- you just want something in the ballpark.

As stable sources of frequency, LC oscil-
lators can do a bit better, with stabilities

of 0.01% over reasonable periods of time.
That‘s good enough for oscillators in radio-

frequency receivers and television sets.
For real stability there‘s no substitute
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for a crystal oscillator. This uses a piece
of quartz (same chemical as glass, silicon

dioxide) that is cut and polished to vibrate
at a certain frequency. Quartz is piezo-

electric (a strain generates a voltage, and
vice versa), so acoustic waves in the crys-
tal can be driven by an applied electric
field and in turn can generate a voltage
at the surface of the crystal. By plating
some contacts on the surface, you wind

up with an honest circuit element that can

be modeled by an RLC circuit, pretuned
to some frequency. In fact, its equiva-

lent circuit contains two capacitors, giving

a pair of closely spaced (within 1%) se—

ries and parallel resonant frequencies (Fig.
5.47). The effect is to produce a rapidly

changing reactance with frequency (Fig.

5.48). The quartz crystals high Q (typ—
ically around 10,000) and good stability
make it a natural for oscillator control,

as well as for high-performance filters (see
Section 13.12). As with LC oscillators, the

crystal's equivalent circuit provides posi-
tive feedback and gain at the resonant fre-

quency, leading to sustained oscillations.

Figure 5.47

Figure 5.49 shows some crystal oscilla-
tor circuits. In A the classic Pierce oscilla—

tor is shown, using the versatile FET (see

Chapter 3). The Colpitts oscillator, with

a crystal instead of an LC, is shown in B.

An npn bipolar transistor with the crystal
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5.19 Quartz—crystal oscillators 

as feedback element is used in C. The re-

maining circuits generate logic-level out-

puts using digital logic functions (D and
E).
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Figure 5.48

The last diagram uses the convenient

MC12060/ 12061 series of crystal oscillator
circuits from Motorola. Thcsc chips are in-

tended for crystals in the range lOOkHz to
ZOMHZ and are designed to give excellent
frequency stability by carefully limiting the
amplitude of oscillation via internal ampli-

tude discrimination and limiting circuitry.

They provide sine-wave and square-wave
outputs (both "TTL" and “ECL” logic lev-
els).

An even more convenient alternative,

if you're willing to accept a square wave

output only, and if utmost stability isn't
needed, is the use of complete crystal os-

cillator modules, usually provided as DIP

IC-sized metal packages. They come in
lots of standard frequencies (e.g., l, 2, 4,
5, 6, 8, 10, 16, and ZOMHZ), as well as

weird frequencies commonly used in mi-

croprocessor systems (e.g., 14.31818MHZ,

used for video boards). These "crystal
clock modules" typically provide accura-

cies (over temperature, power supply volt-
age, and time) of only 0.01% (lOOppm),

but you get it cheap ($2 to $5), and you
don't have to wire up any circuitry. Fur-

thermore, they are guaranteed to oscillate,
which isn't by any means assured when

you wirc your own oscillator: Crystal os-

cillator circuits depend on electrical prop—
erties of the crystal (such as series versus

parallel mode, effective series resistance,

and mount capacitance) that aren't always

well specified. All too often you may find
that your home—built crystal oscillator os-

cillates, but at a frequency unrelated to
that stamped on the crystal! Our own ex-

perience with discrete crystal oscillator cir-
cuits has been, well, checkered.

Quartz crystals are available from about
lOkHz to about lOMI—Iz, with overtone—

mode crystals going to about 250MHz.

Although crystals have to be ordered for

a given frequency, most of the commonly

used frequencies are available off the shelf.
Frequencies such as lOOkHz, 1.0MHZ,
2.0MH2, 4.0MHz, 5.0MH2. and 10.0MHz

are always easy to get. A 3.579545MHZ
crystal (available for less than a dollar) is

used in TV color-burst oscillators. Digital

wristwatches use 32.768kHz (divide by 215
to get 1H2), and other powers of 2 are
also common. A crystal oscillator can
be adjusted slightly by varying a series
or parallel capacitor, as shown in Figure

5.49D. Given the low cost of crystals
(typically about 2 to 5 dollars), it is
worth considering a crystal oscillator in
any application where you would have to

strain the capabilities of RC relaxation
oscillators.

If you need a stable frequency with a
very small amount of electrical tunability,

you can use a varactor to "pull" the
frequency of a quartz-crystal oscillator.

The resulting circuit is called a "VCXO"
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Figure 5.49. Various crystal oscillators.

(voltage-controlled crystal oscillator). and
combines the good-to-excellentstability 0f
Ciystal oscillators with the tunability of LC

oscillators. The best approach is proba-

bly to buy a commercial VCXO, rather

than attempt to design your own. Typ-
ically they produce maximum deviations
of :l:10ppm to :l:100ppm from center fre-

quency, though wide—deviation units (up to
i lOOOppm) are also available.

Without great care you can obtain fre-
quency stabilities of a few parts per mil-

lion over normal temperature ranges with
crystal oscillators. By using temperature-
compensation schemes you can- make a

TCXO (temperature—compensated crystal
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oscillator) with somewhat better perfor-

mance. Both TCXOS and uncompensated
oscillators are available as complete mod-
ules from many manufacturers, e.g., Bliley,
CTS Knights, Motorola, Reeves Hoffman,

Statek, and Vectron. They come in various

sizes, ranging down to DIP packages and
TO—S standard transistor cans. TCXOs

deliver stabilities of lppm over the range

0°C to 50°C (inexpensive) down to 0.1ppm
over the same range (expensive).

Temperature-stabilizedoscillators

For the utmost in stability, you may need a
crystal oscillator in a constant-temperature
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oven. A crystal with a zero temperature

coefficient at some elevated temperature
(800C to 90°C) is used, with the thermo-

stat set to maintain that temperature. Such
oscillators are available as small modules
for inclusion into an instrument or as

complete frequency standards ready for

rack mounting. The 10811 from Hewlett-
Paekard is typical of high—performance
modular oscillators, delivering lOMHz

with stabilities of a few parts in 1011 over
periods of seconds to hours.

When thermal instabilities have been

reduced to this level, the dominant ef—

fects become crystal "aging" (the frequency
tends to decrease continuously with time),
power-supply variations, and environmen-
tal influences such as shock and vibration

(the latter are the most serious problems
in quartz wristwatch design). To give an

idea of the aging problem, the oscillator

mentioned previously has a specified aging

rate at delivery of 5 parts in 1010 per day,
maximum. Aging effects are due in pait

to the gradual relief of strains, and they
tend to settle down after a few months,

particularly in a well-manufactured crystal.

Our specimen of the 10811 oscillator ages

about 1 part in 1011 per day.
Atomic frequency standards are used

Where the stability of ovenized-crystal
standards is insufficient. These use a mi-

crowave absorption line in a rubidium gas
cell, or atomic transitions in an atomic ce—
sium beam, as the reference to which a

quartz crystal is stabilized. Accuracy and

stability of a few parts in 1012 can be ob-
tained. Cesium-beam standards are the of-

ficial timekeepers in this country, with tim-

ing transmissions from the National
Bureau of Standards and the Naval Ob-

servatory. Atomic hydrogen masers
have been suggested as the ultimate in

stable clocks, with claimed stabilities ap-

proaching a few parts in 1014. Recent
research in stable clocks has centered on

techniques using "cooled ions" to achieve

even better stability. Many physicists be-
lieve that ultimate stabilities of parts in

1018 may be possible.

SELF-EXPLANATORY CIRCUITS

5.20 Circuit ideas

Figure 5.51 presents a variety of circuit
ideas, mostly taken from manufacturers'

data sheets and applications literature.

ADDITIONAL EXERCISES

1. Design a 6-pole high-pass Bessel filter

with cutoff frequency lkHz.

2. Design a 60Hz twin-T notch filter with
op-amp input and output buffers.

3. Design a sawtooth-wave oscillator, to
deliver 1kHZ, by replacing the charging re-
sistor in the 555 oscillator circuit with a

transistor current source. Be sure to pro-

vide enough current-source compliance.

What value should RB (Fig. 5.33) have?

4. Make a t1iangle-wave oscillator with
a 555. Use a pair of current sources In

(sourcing) and 210 (sinking). Use the 555’s
output to switch the 210 current sink on
and off appropriately. The following figure

shows one possibility.

 
_LI_LI_

output

Figure 5.50
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Ch6: Voltage Regulators and Power Circuits

Nearly all electronic circuits, from simple
transistor and op—amp circuits up to elab—
orate digital and microprocessor systems,
require one or more sources of stable dc
voltage. The simple transformer-bridge-

capacitor unregulated power supplies we

discussed in Chapter 1 are not generally

adequate because their output voltages
change with load current and line voltage
and because they have significant amounts

of IZOHZ ripple. Fortunately, it is easy
to construct stable power supplies using
negative feedback to compare the dc out—

put voltage with a stable voltage reference.
Such regulated supplies are in universal
use and can be simply constructed with
integrated circuit voltage regulator chips,
requiring only a source of unregulated
dc input (from a transformer—rectifier—

capacitor combination, a battery, or some
other source of dc input) and a few other
components.

In this chapter you will see how to con-
struct voltage regulators using special-pur-

pose integrated circuits. The same circuit

techniques can be used to make regulators

with discrete components (transistors, re-

sistors, etc.), but because ofthe availability

of inexpensive high-performance regulator
chips, there is no advantage to using dis-

crete components in new designs. Volt-
age regulators get us into the domain of
high power dissipation, so we will be talk-

ing about heat sinking and techniques like
"foldback limiting" to limit transistor op-

erating temperatures and prevent circuit
damage. These techniques can be used for

all sorts of power circuits, including power
amplifiers. With the knowledge of regula-
tors you will have at that point, we will be
able to go back and discuss the design of
the unregulated supply in some detail. In
this chapter we will also look at voltage ref—
erences and voltage-reference ICs, devices
With uses outside of power-supply design.

BASIC REGULATOR CIRCUITS WITH
THE CLASSIC 723

6.01 The 723 regulator

The MA723 voltage regulator is a classic.
Designed by Bob Widlar and first intro-

duced in 1967, it is a flexible, easy-to-
use regulator With excellent performance.
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Figure 6.1. Simplified circuit of the 723 regulator. (Courtesy of Fairchild Camera and instrument
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Figure 6.2. Schematic of the 723 regulator. (Courtesy of Fairch Camera and Instrument Corp.)

Although you would not choose it for a
new design nowadays, it is worth looking
at in some detail, since more recent reg-

ulators work on the same principles. Its

circuit is shown in Figures 6.1 and 6.2.
As you can see, it is really a power—supply

0258

kit, containing a temperature—compensated
voltage reference, differential amplifier, se—

ries pass transistor, and current—limiting

protective circuit. As it comes, the 723

doesn't regulate anything. You have to
hook up an external circuit to make it do



BASIC REGULATOR CIRCUITS WITH THE CLASSIC 723

what you want. Before going on to design
regulators with it, let's look briefly at its
internal circuit. It is straightforward and
easy to understand (the innards of many
ICs aren't).

The heart of the regulator is the temper-
ature-compensated zener reference. Zener
D2 has a positive temperature coefficient,

so its voltage is added to Qa’s base-emitter
drop (remember, V13E has a negative tem-

perature coefficient of roughly —2mV/°C)
to form a voltage reference (nominally
7.15V) of nearly zero temperature coef—

ficient (typically 0.003%f°C). Q4 through

Q6 are arranged to bias D2 at I = 1/35/33
via negative feedback at dc, as indicated

on the block diagram. Q2 and Q3 form
an unsymmetrical current mirror to bias
the reference; current to the mirror is set

by El and R2 (their junction is fixed at

6.2V below V+), which in turn is biased by

Q1 (the FET behaves roughly like a current
source).

Q11 and Q12 form the differential
amplifier (sometimes called the "error am-
plifier," thinking of the whole thing as an

exercise in negative feedback), a classic

long-tailed pair with emitter current source

Q13. The latter is half of a current mirror

(Q9, Q10, and Q13), driven in turn from
current mirror Q7 (Q3, Q7, and Q3 all

mirror the current generated by the D1 ref—
erence, as we mentioned in Section 2.14).

Qll’s collector is tied to the fixed positive
voltage at Q4’s emitter, and the error am-
plifier's output is taken from Q12} collec-

tor. Current mirror Q8 supplies the latter's

collector load. Q14 drives the pass transis-
tor Q15, in a not—quite—Darlington connec—
tion. Note that 915‘s collector is brought
out separately, to allow for separate pos-

itive supplies. By turning on Q16 you
cut off drive to the pass transistors; this
is used to limit output currents to nonde-
structive levels. Unlike many of the newer

regulators, the 723 does not incorporate

internal shut-down circuitry to protect

against excessive load current or chip

6.02 Positive regulator

dissipation. The SG3532 and LASIOOO
are improved 723-type regulators, with
low-voltage bandgap reference (Section

6.15), internal current limiting, and

thermal-overload shutdown circuitry.

6.02 Positive regulator

Figure 6.3 shows how to make a positive
voltage regulator with the 723. All the

components except the four resistors and
the two capacitors are contained on the

723. Voltage divider R1R2 compares a
fraction of the output with the voltage ref—

erence, and the 723 components do the
rest; this circuit is identical with the op-

amp noninverting amplifier with emitter

follower, with Vref as the "input." R4 is

chosen for about 0.5 volt drop at maxi-
mum desired output current, since a VBE
drop applied across the CL—CS inputs will
turn on the current-limiting transistor

(Q16 in Fig. 6.2), shutting off base drive
to the output pass transistor. The lOOpF

capacitor stabilizes the loop. R3 (some-
times omitted) is chosen so that the

differential amplifier sees equal imped—
ances at its inputs. This makes the out—

put insensitive to changes in bias current
(with changes in temperature, say), in the

same way as we saw with op-amps (Section
4.12).

With this circuit, a regulated supply

with output voltage ranging from Vref to
the maximum allowable output voltage
(37V) can be made. Of course, the input
voltage must stay a few volts more positive

than the output at all times, including the
effects of ripple on the unregulated supply.
The "dropout voltage" (the amount by
which the input voltage must exceed the

regulated output voltage) is specified as
3 volts (minimum) for the 723, a value

typical of most regulators. R1 or R2 is

usually made adjustable, or trimmable, so

the output voltage can be set precisely.

The production spread in Vref is 6.8 to 7.5
volts.
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It is usually a good idea to put a ca- impedance low even at high frequencies,
pacitor of a few microfarads across the where the feedback becomes less effective.

output, as shown. This keeps the output It is best to use the output capacitor value
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BASIC REGULATOR CIRCUITS WITH THE CLASSIC 723

recommended on the specification sheet,
since oscillations can occur otherwise. In

general, it is a good idea to bypass power-
supply leads to ground liberally throughout

a circuit, using a combination of ceramic
types (0.01—0.1uF) and electrolytic or
tantalum types (l—lOuF).

For output voltages less than Vref,

you just put the voltage divider 011 the
reference (Fig. 6.4). Now the full out-

put voltage is compared with a fraction of
the reference. The values shown are for

+5 volts 50mA max. With this circuit

configuration, output voltages from +2

volts to Vref can be produced. The out—
put cannot be adjusted down to zero volts
because the differential amplifier will not

operate below 2 volts input. This is given
as a manufacturer's specification (see Ta-
ble 6.9). With this circuit the unregulated

input voltage must never drop below +9.5
volts, the voltage necessary to power the
reference.

A third variation of this circuit is neces-

sary if you want a regulator that is continu-

ously adjustable through a range of output

voltages around Keg ln such cases, just
compare a divided fraction of the output
with a fraction of Vref chosen to be less

than the minimum output voltage desired.

EXERCISE 6.1

Design a regulator to deliver up to 50mA load
current over an output voltage range of +5 to
+10volts, usinga723. Hint: Compareafraction
of the output voltage with 0.5Vref.

6.03 High-current regulator

The internal pass transistor in the 723 is
rated at 150mA maximum; in addition,

the power dissipation must not exceed
1 watt at 25°C (less at higher ambient
temperatures; the 723 must be "derated"
at 8.3mW/°C above 25°C in order to

keep the junction temperature within safe
limits). Thus, for instance, a 5 volt

regulator with +15 volts input cannot

6.03 High-current regulator

deliver more than about 80mA to the load.

To construct a higher—current supply, an

external pass transistor must be used. It
is easy to add one as a Darlington pair
with the internal transistor (Fig. 6.5). Qlis
the external pass transistor; it must be
mounted on a heat sink, most often a

finned metal plate designed to carry off
heat (alternatively, the transistor can be
mounted to one wall of the metal chassis

housing the power supply). We will deal
with thermal problems like these in the
next section. A trimmer potentiometer

has been used so that the output can be

set accurately to +5 volts; its range of

adjustment should be sufficient to allow for
resistor tolerances as well as the maximum

specified spread in Vref (this is an example

of worst-case design), and in this case
it allows about :l:l volt adjustment from

the nominal output voltage. Note the
low-resistance high-power current-limiting
resistor necessary for a 2 amp supply.

Pass transistor dropout voltage

One problem with this circuit is the high

power dissipation in the pass transistor
(at least 10W at full load current). This

is unavoidable if the regulator chip is
powered by the unregulated input, since it

needs a few volts of "headroom" to operate
(specified by the dropout voltage). With
the use of a separate low-current supply
for the 723 (e.g., +12V), the minimum

unregulated input to the external pass
transistor can be only a volt or so above the
regulated output voltage (although you will
always have to allow at least a few volts,

since worst—case design dictates proper
operation even at 105V ac line input).

Overvoltage protection

Also shown in this circuit is an overvoltage

crowbar protection circuit consisting of
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Figure 6.5. Five volt regulator with outboard pass transistor and crowbar.

0;, Q2, and the 33 ohm resistor. Its func—
tion is to short the output if some circuit

fault causes the output voltage to exceed
about 6.2 volts (this could happen if one of
the resistors in the divider were to open up,
for instance, or if some component in the
723 were to fail). Q2 is an SCR (silicon-
controlled rectifier), a device that is nor-

mally nonconducting but that goes into
saturation when the gate—cathode junction
is forward-biased. Once turned on, it will

not turn off again until anode current is re-
moved externally. In this case, gate current
flows when the output exceeds Dl’s zener

voltage plus a diode drop. When that hap-

pens, the regulator will go into a current-

limiting condition, with the output held
near ground by the SCR. If the failure that
produces the abnormally high output also

disables the current—limiting circuit (e.g., a
collector-to—emitter short in Q1), then the

crowbar will sink a very large current. For
this reason it is a good idea to include a

0262

fuse somewhere in the power supply, as

shown. We will treat overvoltage crowbar
circuits in more detail in Section 6.06.

HEAT AND POWER DESIGN

6.04 Power transistors and heat sinking

As in the preceding circuit, it is often nec—
essay to use power transistors or other
high-current devices like SCRs or power

rectifiers that can dissipate many watts.
The 2N3055, an inexpensive power tran—

sistor of great popularity, can dissipate as
much as I15 watts if properly mounted.
All power devices are packaged in cases

that permit contact between a metal sur-
face and an external heat sink. In most

cases the metal surface of the device is elec—

trically connected to one terminal (e.g., for

power transistors the case is always con—
nected to the collector).



HEAT AND POWER DESIGN

6.04 Power transistors and heat sinking 

The whole point of heat sinking is to

keep the transistor junction (or the junc-
tion of some other device) below some

maximum specified operating temperature.
For silicon transistors in metal packages
the maximum junction temperature is usu—

ally 200°C, whereas for transistors in plas—
tic packages it is usually 150°C. Table 6.1
lists some useful power transistors, along
with their thermal properties. Heat sink

design is then simple: Knowing the max-

imum power the device will dissipate in
a given circuit, you calculate the junction

temperature, allowing for the effects of
heat conductivity in the transistor, heat
sink, etc., and the maximum ambient tem—

perature in which the circuit is expected

to operate. You then choose a heat sink
large enough to keep the junction temper—
ature well below the maximum specified

by the manufacturer. It is wise to be
conservative in heat sink design, since
transistor life drops rapidly at operating
temperatures near or above maximum.

Thermal resistance

To carry out heat sink calculations, you use

thermal resistance, 6, defined as heat rise

(in degrees) divided by power transferred.
For heat transferred entirely by conduc-
tion. the thermal resistance is a constant,

independent of temperature, that depends
only on the mechanical properties of the
joint. For a succession of thermal joints
in “series,” the total thermal resistance is
the sum of the thermal resistances of the

individual joints. Thus, for a transistor
mounted on a heat sink, the total thermal

resistance from transistor junction to the
outside (ambient) world is the sum of the

thermal resistance from junction to case
910, the thermal resistance from case to

heat sink, Gas, and the thermal resistance

from heat sink to ambient 05A. The
temperature of the junction is therefore

T1 = TA + (9.10 + 903 + 93.4)?

where P is the power being dissipated.
Let's take an example. The preceding

power-supply circuit, with external pass
transistor, has a maximum transistor dis—

sipation of 20 watts for an unregulated
input of +15 volts (10V drop, 2A). Let's
assume that the power supply is to oper-
ate at ambient temperatures up to 50°C,
not unreasonable for electronic equipment
packaged together in close quarters. And
let's try to keep the junction temperature

below l 50°C, well below its specified max-
imum of 200°C. The thermal resistance

from junction to case is 1.5°C per watt.
A TO—3 power transistor package mounted
with an insulating washer and heat-

conducting compound has a thermal re—
sistance from case to heat sink of about

0.3°C per watt. Finally, a Wakefield model
64] heat sink (Fig. 6.6) has a thermal resis-
tance from sink to ambient of about 23°C

per watt. So the total thermal resistance
from junction to ambient is about 4.1°C

per watt. At 20 watts dissipation the junc-
tion will be 84°C above ambient, or l34OC

(at maximum ambient temperature) in this

example. The chosen heat sink will be
adequate; in fact, a smaller one could be

used if necessary to save space.

Comments on heat sinks

I. Where very high power dissipation (sev-

eral hundred watts, say) is involved, forced
air cooling may be necessary. Large heat
sinks designed to be used with a blower are
available with thermal resistances (sink to

ambient) as small as 0.05°C to 0.2°C per
watt.

2. When the transistor must be insulated

from the heat sink, as is usually neces-

sary (especially if several transistors are
mounted on the same sink), a thin in-

sulating washer is used between the tran-
sistor and sink, and insulating bushings

are used around the mounting screws.
Washers are available in standard
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TABLE 6.1. SELECTED BIPOLAR POWER TRANSISTORS

VCEo 'c ‘1 can” Pdisa TJ
rnax rnax hFE @ I, mIn 1yp (Tc=25"C) OJC rnax

npn pnp Pkga (V) (A) typ (A) (lVl-lz) (pF) (W) (“C/W) (“0) Comments

Regular power:VCE(sat) = 0.4V (typ);VBE(on) = 0.8V (typ)
2N5191 2N5194 A 60 4 100 0.2 2 80 40 3.1 150 low cost, gen purp
2N5979 2N5976 B 80 5 50 0.5 2 60 70 1.8 150

2N3055 MJ2955 TO-3 60 15 50 2 2.5 125 115 1.5 200 metal, indus std
MJE3055 MJE2955 B 60 10 50 2 2.5 125 90 1 .4 150 plastic, indus std
2N5886 2N5884 TO-3 80 25 50 10 4 400 200 0.9 200

2N5686 2N5684 TO-3 80 50 30 25 2 700 300 0.6 200 for real power jobs
2N6338 2N6437 TO-3 100 25 50 8 40 200 200 0.9 200 premium audio
2N6275 2N6379 TO-3 120 50 50 20 30 400 250 0.7 200 premiumaudio

DarlingtonpowerNcEllaal) : 0.8V (typ); VBE(on) = 1.4V (lyp)
2N6038 2N6035 A 60 4 2000 2 — 30 40 3.1 150 low coal
2N6044 2N6041 B 80 8 2500 4 4 80 75 1 .7 150
2N6059 2N6052 TO-3 100 12 3500 5 4 100 150 1.2 200

2N6284 2N6287 TO-3 100 20 3000 10 4 150 160 1.1 200 high current

‘31 A: small plastic pwr pkg (TO-126). B: large plastic pwr pkg (TO-127). “’3 Cd, (npn) at VCBeIDV; Och (pnp) = 2ch (npn)

transistor-shape cutouts made from mica,
insulated aluminum, or beryllia (BeO).
Used with heat-conducting grease, these

add from 0.14°C per watt (beryllia) to

about 05°C per watt.
An attractive alternative to the classic

mica-washer-plus-grease is provided by
greaseless silicone-based insulators that are
loaded with a dispersion of thermally
conductive compound, usually boron ni-

tride or aluminum oxide. They're clean
and dry, and easy to use; you don't get
white slimy stuff all over your hands, your
electronic device, and your clothes. You

save lots of time. They have thermal resis—

tances of about O.2—0.4°C per watt, com—
parable to values with the messy method.
Bergquist calls its product "Sil-Pad,"
Chomerics calls its “Che-Therm,” SPC

calls it "Koolex," and Thermalloy calls

its "Thermasil." We've been using these
insulators, and we like them.
3. Small heat sinks are available that sim—

ply clip over the small transistor packages
(like the standard TO—5). In situations of

relatively low power dissipation (a watt or

two) this often suffices, avoiding the nui-
sance of mounting the transistor remotely

on a heat sink with its leads brought back
to the Circuit. An example is shown in

Figure 6.6. In addition, there are vari—
ous small heat sinks intended for use with

the plastic power packages (many regula—

tors, as well as power transistors, come
in this package) that mount right on a
printed-circuit board underneath the pack-
age. These are very handy in situations of

a few watts dissipation; a typical unit is
illustrated in Figure 6.6.

4. Sometimes it may be convenient to
mount power transistors directly to the
chassis or case of the instrument. in such

cases it is wise to use conservative design
(keep it cool), especially since a hot case

will subject the other circuit components

to high temperatures and shorten compo-
nent life.

5. If a transistor is mounted to a heat

sink without insulating hardware, the heat
sink must be insulated from the chassis.
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part number thermal resistance

t prF 4332’: 70
0253

1 PA? an
ram: 22

I 5150003
T 5401 3.5
warm

I Ezooo-as’
‘r 6421 1.3
w 421

76:69. 2.6
wan

 
”CfiN@3AT(T Tsink — ambient)

AT=25°C AT= 50°C AT = 15°C

FD 70

27
TB 16

SJ 23

L1 L0

12 L9

Figure 6.6. Power transistor heat sinks. I, IERC; T, Thermalloy; W, Wakefield.

The use of insulating washers (e.g., Wake-
field model 103) is recommended (unless,

of course, the transistor case happens to
be at ground). When the transistor is insu-

lated from the sink. the heat sink may be

attached directly to the chassis. But if the
transistor is accessible from outside the in-

strument (e.g., if the heat sink is mounted

externally on the rear wall of the box), it is
a good idea to use an insulating cover over
the transistor (e.g., Thermalloy 8903N)
to prevent someone from accidentally

coming in contact with it, or shorting it

to ground.
6. The thermal resistance from heat sink

to ambient is usually specified for the sink
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mounted with the fins vertical and with
unobstructed flow of air. If the sink is

mounted differently, or if the air flow is
obstructed, the efficiency will be reduced
(higher thermal resistance); usually it is
best to mount it on the rear of the instru-
ment with fins vertical.

EXERCiSE 6.2

A 2N5320, with a thermal resistance from junc-
tion to case of 115°C per watt, is fitted with an
lERC TXBF slip-on heat sink of the type shown
in Figure 6.6. The maximum permissible junc-
tion temperature is 200°C. How much power
can you dissipate with this combination at 25°C
ambient temperature? How much must the dis—
sipation be decreased per degree rise in ambi-
ent temperature?

El 6.05 Foldback current limiting

For a regulator with simple current lim-

iting, transistor dissipation is maximum
when the output is shorted to ground
(either accidentally or through some

circuit malfunction), and it usually ex-
ceeds the maximum value of dissipation
that would otherwise occur under normal

load conditions. For instance, the pass

transistor in the preceding +5 volt 2 amp
regulator circuit will dissipate 30 watts
with the output shorted (+15V input, cur-
rent limit at 2A), whereas the worst-case

dissipation under normal load condi-
tions is 20 watts (10V drop at 2A). The
situation is even worse in circuits in

which the voltage normally dropped by
the pass transistor is a smaller fraction

of the output voltage. For instance,

in a +15 volt 2 amp regulated supply
with +25 volt unregulated input, the

transistor dissipation rises from 20 watts
(full load) to 50 watts (short circuit).

You get into a similar problem with
push-pull power amplifiers. Under normal

conditions you have maximum load cur-
rent when the voltage across the transistors

is minimum (near the extremes ,of output

swing), and you have maximum voltage
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across the transistors when the current is

nearly zero (zero output voltage). With
a short-circuit load, on the other hand,

you have maximum load current at the

worst possible time, namely, with full sup-

ply voltage across the transistor. This re-

sults in much higher transistor dissipation
than normal.

The brute-force solution to this problem
is to use massive heat sinks and transis-

tors of higher power rating (and safe oper—

ating area, see Section 6.07) than neces—
sary. Even so, it isn't a good idea to
have large currents flowing into the pow-
ered circuit under fault conditions, since

other components in the circuit may then
be damaged. The best solution is to use

foldback current limiting, a circuit tech-
nique that reduces the output current un-
der short-circuit or overload conditions.

Figure 6.7 shows the basic configuration,

again illustrated with a 723 with external
pass transistor.

The divider at the base of the current-

limiting transistor QL provides the
foldback. At +15 volts output (the
normal value) the circuit will limit at about

2 amps, since QL’S base is then at +155
volts while its emitter is at +15 (V133 is

about 0.5V at the elevated temperatures
at which regulator chips are normally
run). But the short-circuit current is

less; with the output shorted to ground,

the output current is about 0.5 amp,

holding Ql’s dissipation down to less
than in the full—load case. This is highly
desirable, since excessive heat sinking

is not now required, and the thermal
design need only satisfy the full—load
requirements. The choice of the three

resistors in the current-limiting circuit sets
the short-circuit current, for a given

full-load current limit. Warning: Use

care in choosing the short-circuit current,

since it is possible to be overzealous and

design a supply that will not "start up"
into a normal load. The short-circuit

current should not be too small; as a
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input (+25 to +30V, unreg)

 
1 R1

Vm‘ttt fsc="'(1 ‘l' —)Vfi35

ratio JmJ: 1 + gA?B ’51? l +R2 BE

rough guide, the short—circuit current
limit should be set at about one-third the

maximum load current at full output

voltage.

RI

EXERCISE 6. 3

Design a 723 regulator with outboard pass tran-
sistor and foldback current limiting to provide
up to 1.0 amp when the output is at its regu-
lated value of +5.0 volts, but only 0.4 amp into
a short—circuit load.

 

Figure 6.7.
limiting. B. Output voltage versus load current.

—9N3055
+ heat slnk

 

A. Power regulator with foldback current

6.06 Overvoltage crowbars

As we remarked in Section 6.03, it is

often a glood idea to, include some sortof oveivo tage protection at the output of
a regulated supply. Take, for instance,

a_-l_—5 volt sup ly used to power a large
digitaj system you’ll see lots of examples
beginnihg in Chapter 8). The input to

the regulator is probably in the range of

+10 to +15 volts. If the series pass
transistor fails by shorting its collector
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to emitter (a common failure mode), the

full unregulated voltage will be applied
to the circuit, with devastating results.
Although a fuse probably will blow, what's
involved is a race between the fuse and

the "silicon fuse" that is constituted by
the rest of the circuit; the rest of the

circuit will probably respond first! This
problem is most serious with TTL logic,
which operates from a +5 volt supply,
but cannot tolerate more than +7 volts

without damage. Another situation with
considerable disaster potential arises when
you operate something from a wide-range
"bench" supply, where the unregulated
input may be 40 volts or more, regardless
of the output voltage.

4 V (regulated) +5V (regulated)

1N5232E' —O— -——"—O+—
56V ___ Lambda
5% 2N4441 L-6-OV-5

Motorola
MPC2004

 
Figure 6.8. Overvoltage crowbars.

III Zener sensing

Figure 6.8 shows a popular crowbar cir—
cuit and a crowbar module. You hook the

circuit between the regulated output ter—
minal and ground. If the voltage exceeds
the zener voltage plus a diode drop (about
6.2V for the zener shown), the SCR is

turned on, and it remains in a conducting
state until its anode current drops below a
few milliamps. An inexpensive SCR like

the 2N444l can sink 5 amps continuously
and withstand 80 amp surge currents; its

voltage drop in the conducting state i typ-
ically 1.0 volt at 5 amps. The 68 all re-

sistor is provided to generate a reasonable
zener current (lOmA) at SCR turn—on, and

the capacitor is added to prevent crowbar
triggeling on hannless short spikes.
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The preceding circuit, like all crowbars.
puts an unrelenting 1 volt "short circuit"

across the supply when triggered by an
overvoltage condition, and it can be reset
only by turning off the supply. Since the
SCR maintains a low voltage while con-

ducting, there isn't much problem with the
crowbar itself failing from overheating. As
a result, it is a reliable crowbar circuit. It

is essential that the regulated supply have
some sort of current limiting, or at least

fusing, to handle the short. There may be
overheating problems with the supply af-
ter the crowbar fires. In particular, if the

supply includes internal current limiting,
the fuse won't blow, and the supply will
sit in the "crowbarred" state, with the out-

put at low voltage, until someone notices.

Foldback current limiting of the regulated
supply would be a good solution here.

There are several problems with this
simple crowbar circuit. mostly involving

the choice of zener voltage. Zeners are

available in discrete values only, with
generally poor tolerances and (often) soft
knees in the V l characteristic. The desired

crowbar trigger voltage may involve rather
tight tolerances. Consider a 5 volt supply

used to power digital logic. There is

typically a 5% or 10% tolerance on the
supply voltage, meaning that the crowbar
cannot be set less than 5.5 volts. The

minimum permissible crowbar voltage is
raised by the problem of transient response
of a regulated supply: When the load
current is changed quickly, the voltage can

jump, creating a spike followed by some
"ringing." This problem is exacerbated by
remote sensing via long (inductive) sense
leads. The resultant ringing puts glitches

on the supply that we don't want to trigger
the crowbar. The result is that the crowbar

voltage should not be set less than about
6.0 volts, but it cannot exceed 7.0 volts

without risk of damage to the logic circuits.

When you fold in zener tolerance, the
discrete voltages actually available, and
SCR trigger voltage tolerances, you've got



a tricky problem. 1n the example shown
earlier, the crowbar threshold could lie

between 5.9 volts and 6.6 volts, even using
the relatively precise 5% zener indicated.

El [0 sensing

A nice solution to the problems of pre-
dictability and lack of adjustability in the
simple zener/SCR crowbar circuit is to use
a special crowbar trigger [C such as the
MC3423—5, the TL431, or the MC34061-

2. These inexpensive chips come in con-
venient packages (8-pin mini-DlP or 3—pin

TO-92), they drive the SCR directly, and

they're very easy to use. For example, the

MC3425 has adjustable threshold and re-

sponse time for its crowbar output, and
in addition an undervoltage sensor to sig-
nal your circuit that the supply voltage is

low (very handy for circuits with micropro—
cessors). It includes an internal reference

and several comparators and drivers, and

it requires only two external resistors, an

optional capacitor, and an SCR to form
a complete crowbar. These crowbar chips

belong to a class of "power-supply super-
visory circuits," which includes complex

chips like the MAX691 that not only sense
undervoltage but even switch over to bat—

tery backup when ac power fails. generate
a power-on reset signal on return of normal
power, and continually check for lockup
conditions in microprocessor circuitry.

Modular crowbars

Why build it when you can buy it! From
the designer‘s point of View the simplest

crowbar of all is a 2-terminal gadget that
says "crowbar" on top. You can buy just
such a device from Lambda or Motorola,

who offer a series ofovervoltage protectioln
modules in several current ranges. You
just pick the voltage and current rating

you need, and connect the crowbar across

the regulated dc output. For example,
the smallest units from Lambda are rated

at 2 amps maximum. with the following

HEAT AND POWER DESIGN
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set of fixed voltages (5V, 6V, 12V, 15V,
18V, 20V, and 24V). They're monolithic,
come in a TO-66 package (small metal

power transistor case), and cost $2.50 in
small quantities. The Lambda monolithic
6 amp series comes in TO-3 packages
(large metal power transistor case) and

costs $5. They also make hybrid 12,
20, and 35 amp crowbars. Motorola‘s
MPC2000 series are all monolithic (5V,

12V, and 15V only, rated at 75A, 15A,
or 35A). The first two come in TO-220

(plastic power) packages, the last (available

in SV only) in TO—3 (metal power). The
good news from Motorola is the incredibly

low price: $1.96. $2.36. and $6.08 in small
quantities for the three current ratings.
One nice feature of these crowbars is the

good accuracy; for example, the 5 volt
units from Lambda have a specified trip

point of 6.6 i 0.2 volts.

[3 Clamps

Another possible solution to overvoltage
protection is to put a power zener, or its

equivalent, across the supply terminals.

This avoids the problems of false triggering
on spikes, since the zener will stop drawing
current when the overvoltage condition

disappears (unlike an SCR, which has the
memory of an elephant). Figure 6.9 shows

1N534?
{113v} 2N3055

Lou

"VI" = "MN’
uptu10A

Figure 6.9. Active power zener.

the circuit of an "active zener." Unfortu—

nately, a crowbar constructed from a power

zener clamp has its own problems. If the
regulator fails, the crowbar has to contend

with high power dissipation (Vzenerlnmn)
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and may itself fail. We witnessed just such
a failure in a commercial 15 volt 4 amp
magnetic disc supply. When the pass tran-
sistor failed, the 16 volt 50 watt zener

found itself dissipating more than rated

power, and it proceeded to fail too.

El 6.07 Further considerations in

high-current power-supply design

El Separate high-current unregulated
3UP”?

As we mentioned in Section 6.03, it is

usually a good idea to use a separate supply
to power the regulator in vely high current

supplies. In that way the dissipation in the

pass transistors can be minimized, since

the unregulated input to the pass transistor
can then be chosen just high enough to al-

low sufficient"headroom” (regulators like

the 723 have separate V+ terminals for this
purpose). For instance, a +5 volt 10 amp
regulator might use a 10 volt unregulated
input with a volt or two of ripple, with a

separate low—current +15 volt supply for
the regulator components (reference, error

amplifier, etc.). As mentioned earlier, the
unregulated input voltages must be cho—
sen large enough to allow for worst-case
ac power-line voltage (105V) as well as

transformer and capacitor tolerances.

El Connection paths

With high-current supplies, or supplies
of highly precise output voltage, c/‘dreful

thought must be given to the connection
paths, both within the regulator and be-
tween the regulator and its load. If several
loads are run from the same supply, they

should connect to the supply at the place
Where the output voltage is sensed; other-
wise, fluctuations in the current of one load

will affect the voltage seen by the other

loads (Fig. 6.10).
In fact, it is a good idea to have one

common ground point (a "mecca"), as
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shown, to which the unregulated supply,
reference, etc., are all returned. The prob-
lem of unregulated voltage drops in the
connecting leads from power supply to

high-current load is sometimes solved by

remote sensing: The connections back
to the error amplifier and reference are
brought out to the rear of the supply sepa—
rately and may either be connected to the
output terminals right there (the normal
method) or brought out and connected to

the load at a remote location along With
the output voltage leads (this requires four
wires, two of which must be able to handle

pass
transistor

unregulated
supply

  
  
Figure 6.10. A power—supply ground "mecca."

the high load currents). Most commer-
cially available power supplies come with
jumpers at the rear that connect the sens-

ing circuitry to the output and that may
be removed for remote sensing. Four-Wire
resistors are used in an analogous manner
to sense load currents accurately when
constructing precision constant-current
supplies. This Will be discussed in greater
detail in Section 6.24.

[I Parallel pass transistors

When very high output currents are needed,

it may be necessary to use several pass

transistors in parallel. Since there will
be a spread of VBES, it is necessary to



add a small resistance in series with each

emitter, as in Figure 6.11. The Rs en-
sure that the current is shared approxi-

mately equally among the pass transistors.
B should be chosen for about 0.2 volt

drop at maximum output current. Power
FETs can be connected in parallel without
any external components, owing to their

negative temperature coefficient of drain
current (Fig. 3.13).

Safe operating area

One last point about bipolar power tran-

SiStOfSi A phenomenon known as “sec-
ond breakdown"restr1cts the Simultaneous

If

E

Figure 6.11. Use emitter ballasting resistors
when palalleling bipolar power transistors.

voltage and current that may be applied
for any given transistor, and it is specified

on the data sheet as the safe operating area
(SOA) (it's a family of safe voltage-versus-
current regions, as a function of time

duration). Second breakdown involves the

formation of "hot spots" in the transistor

junctions, with consequent uneven sharing
of the total load. Except at low collector—

to—emitter voltages, it sets a limit that is
more restrictive than the maximum power

dissipation specification. As an example,

Figure 6.12 shows the SOA for the ever—

popular 2N3055. For VCE > 40 volts,
second breakdown limits the dc collector

current to values corresponding to less

HEAT AND POWER DESIGN
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g" 2 0 —- Q
g 10 _ _ __ bonding wure limited'“ _____lhermally limited @ TC = 250 C

.— (single pulse)
- _ second breakdown limited

agfifli .4 2L, l3.0' 6.0 l0 2!] 30 50

,,V collector-emitter voltage (V)

Figure 6.12. Safe operating area for 2N3055
bipolar power transistor. (Courtesy of Mo

torola’ Inc.)

than the maximum allowable dissipation

of 115 watts. Figure 6.13 shows the SOA
for two similar high-performance power

transistors: the 2N6274 npn bipolar
transistor and the comparable Siliconix
VNE003A n-channel MOSFET. For

VCE > 10 volts, second breakdown limits

the npn transistor dc collector current
to values corresponding to less than the
maximum allowable dissipation of 250

watts. The problem is less severe for short
pulses, and it effectively disappears for

pulses of lms duration or less. Note that
the MOSFET has no second breakdown;

its SOA is bounded by maximum current
(bonding-wire limited, therefore higher for
short pulses), maximum dissipation, and
maximum allowable drain-source voltage.

See Chapter 3 for more details on power
MOSFETs.

El 6.0l Programmable supplies

There is frequently the need for power sup—
plies that can be adjusted right down to
zero volts, especially in bench applications
where a flexible source of power is essen-
tial. In addition, it is often desirable to be

able to "program" the output voltage with
another voltage or with a digital input (via
digital thumbwheel switches, for instance).
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bonding wire limited
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Figure 6.14 shows the classic scheme for
a supply that is adjustable down to zero
output voltage (as our 723 circuits so far
are not). A separate split supply provides
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current ‘
un regulated ‘

synplv 

 

 
 

adjust.
DUIDI-I'l

  
  

low
current

split
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Figure 6.14. Regulator adjustable down to zero
volts.
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1

power for the regulator and also gener—

ates an accurate negative reference voltage
(more on references in Sections 6.14 and

6.15). R1 sets the output voltage (since the
inverting input will be at ground), which
can be adjusted all the way down to zero
(at zero resistance). When the regulator

circuitry (which can be an integrated cir—

cuit or discrete components) is run from a
split supply, no problems are encountered
at low output voltages.

To make the supply programmable with
an external voltage, just replace Vref with

an externally controlled voltage (Fig. 6.15).

The rest of the circuit is unchanged. R1
now sets the scale of an‘ml.

Digital programmability can be added
by replacing Vtef with a device called

a DAC (digital—to—analog converter) with
current—sinking output. These devices,
which we will discuss later, convert a

binary input code to a proportional current



(or voltage) output. A good choice here
is the AD7548, a monolithic 12-bit DAC

with current—sinking output and a price
tag of about $9. By replacing R2 with

the DAC, you get a digitally programmed
supply, with step size of 114096 (2-12) of
the full—scale output voltage. Since the
inverting input is a virtual ground, the

DAC doesn't even have to have any output
compliance. In practice, R1 would be
adjusted to set a convenient scale for the

output, say lmV per input digit.

1' Vcomaal

 
Figure 6.15

CI 6.09 Power— supply circuit example

The "laboratory" bench supply shown in

Figure 6.16 should help pull all these de—
sign ideas together. It is important to be
able to adjust the regulated output volt—
age right down to zero volts in a general-
purpose bench supply, so an additional

split supply is used to power the regula—

tor. IC1 is a high—voltage op-amp, which
can operate with 80 volts total supply volt—
age. We used paralleled power MOSFETs
as the output pass transistor, both because
of its easy gate drive requirements and its
excellent safe operating area (characteristic

of all power MOSFETs). The combina-

tion can dissipate plenty of power (60W

per transistor at 100°C case temperature),
which is necessary even for moderate out-

put current when such a wide range of out-

put voltage is provided. This is because
the unregulated input voltage has to be

high enough for the maximum regulated

HEAT AND POWER DESIGN
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output voltage, resulting in a large voltage
drop across the pass transistors when the

regulated output voltage is low. Some sup-
plies solve this problem by having several

ranges of output voltage, switching the un-
regulated input voltage accordingly. There
are even supplies with the unregulated sup—
ply driven from a variable-voltage trans-
former ganged to the same control as the
output voltage. In both cases you lose the
capability of remote programmability.

EXERCISE 6.4

What is the maximum power dissipation in the
pass transistors for this circuit?

R1 is a precision multidecade poten-

tiometer for precise and linear adjustment
of the output voltage. The output volt-

age is referenced to the 1N829 precision

zener (Sppml OC tempco at 7.5mA zener
current). The current-limiting circuitry is

considerably better than the simple pro-
tective current limiters we have been dis-

cussing, since it is sometimes desirable to
be able to set a precise and stable current

limit when using a bench supply. Note
the unusual (but convenient) method of

current limiting by sinking current from

the compensation pin of 1C1, which has
unity gain to the output while operating at

low current. By providing both precision-
regulated voltage (all the way down to 0V)
and current, the device becomes a flex-

ible laboratory power supply. With this
current-limit method, the supply becomes
a flexible constant—current source. Q4 pro-
vides a constant IOOmA load, maintaining
good performance near zero output voltage
(or current) by keeping the pass transistors
well into the active region. This current
sink also allows the load to source some

current into the supply without its out-

put voltage rising. This is useful with the

bizarre loads you sometimes encounter,
e.g., an instrument that contains some

additional supplies of its own capable
of sourcing some current into the power-

supply output terminal.
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10Vrms
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Stem" 12000;: F 25v _ __
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Figure 6.17. Unregulated supply with ac line connections. Note color convention of ac line cord.

Note the external sense leads, with

default connection to the power—supply
output terminals. For precise regulation

of output voltage at the load, you would
bring external sense leads to the load itself,

eliminating (through feedback) voltage
drops in the connecting leads.

6.10 Other regulator le

The 723 was the original voltage regulator

IC, and it is still a useful chip. There
are a few improved versions that work
much the same way, however, and you

should consider them when you design a
regulated power supply. The LASlOOO and
LASllOO from Lambda and the SG3532

from Silicon General can operate down to
4.5 volts input voltage, because they use
an internal 2.5 volt “bandgap reference"

(see Section 6.15) rather than the 7.15

volt zener of the 723. They also have
internal circuitry that shuts off the chip if
it overheats; compare the 723's solution

(burnoutl). Although these regulators have
the same pin names, you can't just plug

these regulators into a socket intended

for a 723, because (among other things)
they assume a lower reference voltage.

Another 723—like regulator is the MC1469
(and its negative twin, the MC1463) from
Motorola.

If you look at modern power—supply cir—
cuits, you won't see many 7235, or even

the improved versions we just mentioned.

Instead, you'll see mostly ICs like the 7805
or 317, with a remarkable absence of exter-

nal components (the 7805 requires nonel).
Most of the time you can get all the per-

formance you need from these highly in-
tegrated and easy-to-use "three-terminal"
regulators, including high output current
(up to 10A) without external pass transis-

tors, adjustable output voltage, excellent
regulation, and internal current limiting
and thermal shut—down. We'll talk about

these shortly, but first an interlude on
(a) the design of the unregulated supply
and (b) voltage references.

THE UNREGULATED SUPPLY

All regulated supplies require a source of

"unregulated" dc, a subject we introduced
in Section 1.27 in connection with recti—

fiers and ripple calculations. Let's look at

this subject in more detail, beginning with
the circuit shown in Figure 6.17. This is

an unregulated +13 volt (nominal) supply
for use with a +5 volt 2 amp regulator.
Let‘s go through it from left to right,

pointing out some of the things to

keep in mind when you do this sort of
design.
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6.1 1 ac line components

Three-wire connection

Always use a 3-wi1‘e line cord with neu-

tral (green) connected to the instrument

case. Instruments with ungrounded cases
can become lethal devices in the event of

transformer insulation failure or acciden—

tal connection of one side of the power line
to the case. With a grounded case, such
a failure simply blows a fuse. You often
see instruments with the line cord attached

to the chassis (permanently) using a plastic

”strain relief," made by Heyco or Richco.
A better way is to use an IEC three-prong
male chassis-mounted connector, to mate

with those popular line cords that have

the three-prong IEC female molded onto
the end. That way the line cord is conve-
niently removable. Better yet, you can get

a combined "power entry module," con—

taining IEC connector, fuse holder, line
filter, and switch (as described later). Note

that ac wiring uses a nonintuitive color
convention: black = "hot," white = neu-

tral, and green = ground.

Line filter and transient suppressor

In this supply we have used a simple LC
line filter. Although they are often omitted,
such filters are a good idea, since they
serve the purpose of preventing possible
radiation of radiofrequency interference

(RFI) from the instrument via the power
line, as well as filtering out incoming inter-

ference that may be present on the power
line. Power-line filters with excellent

performance characteristics are available
from several manufacturers, e.g., Corcom,

Cornell—Dubilier, and Sprague. Studies
have shown that spikes as large as lkV

to 5kV are occasionally present on the
power lines at most locations, and smaller
spikes occur quite frequently. Line filters

are reasonably effective in reducing such
interference.

In many situations it is desirable to use a
"transient suppressor," as shown, a device
that conducts when its terminal voltage ex—
ceeds certain limits (it‘s like a bidirectional

high—power zener). These are inexpensive
and small and can short out hundreds of

amperes of potentially harmful current in
the form of spikes. Transient suppressors

are made by a number of companies,
e.g., GE and Siemens. Tables 6.2 and 6.3
list some useful RFI filters and transient

suppressors.

Fuse

A fuse is essential in every piece of elec-
tronic equipment. The large wall fuses

or circuit breakers (typically 15—20A) in
house or lab won't protect electronic equip—
ment, since they are chosen to blow only
when the current rating of the wiring
in the wall is exceeded. For instance, a

TABLE 6.2. 130 VOLT AC TRANSIENT SUPPRESSORS

Diameter Energy Peak curr Capacitance
Type Manuf. (in) (W-s) (A) (pF)

V130LA1 GE 0.34 4 500 180
SO7K130 Siemens 0.35 6 500 130

V130LA10A GE 0.65 30 4000 1000
S14K130 Siemens 0.67 22 2000 1000

V130LAZOB GE 0.89 50 6000 1900
$20K130 Siemens 0.91 44 4000 2300
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6.11 ac line components

TABLE 6.3. 115 VOLT AC POWER FILTERS (IEC CONNECTORa)

Attenuation”
(Ii ne-to-gnd, 509/509)

 

Current 150kHz SOOkHz 1MHz

Manuf. Part No. Circuit (A) (dB) (dB) (dB) Comments

Corcom 3EF1 n 3 15 25 30 general purpose
3EC1 n 3 20 30 37 higher attenuation
3EDSC2-2 7r 3 32 37 44 with fuse
2EDL1S 7r 2 14 - 24 with fuse and switch

Curtis F2100CA03 1r 3 15 25 30 general purpose
F2400CA03 r: 3 22 35 40 higher attenuation
F2600FA03 7r 3 21 35 41 with fuse
PE810103 n 3 18 24 30 with fuse and switch

Delta 03GEEG3H 1r 3 24 30 38 general purpose
D3SEEGaH duatin 3 42 65 70 higher attenuation
O4BEEGSH 1r 4 26 35 40 with fuse
03CK2 TI 3 35 40 40 with fuse and switch

03CR2 dual-7t 3 50 60 55 same, higher attenuation

Schaffner FN323-3 1: 3 22 32 36 general purpose
FN321-3 1r 3 35 43 46 higher attenuation
FN361-2 1r. 2 25 40 46 with fuse
FN291-2.5 1: 2.5 25 40 46 with fuse and switch

FN1393—2.5 7: 2.5 40 45 42 same, higher attenuation

Sprague 3JX5421A n 3 15 25 30 general purpose
3JX5425C 1r 3 2O 30 37 higher attenuation
200JM6-2 1c 6 12 25 — with fuse

la] these unitfiIare representative of a large selection, many of which do not include an IEC in utconnector. I . . I
to predict performance In an ac line crrcwt.

house wired with 14 gauge wire will have
15 amp breakers. Now, if the filter
capacitor in the preceding supply becomes

short—circuited someday (a typical failure
mode), the transformer might then draw
5 amps primary current (instead of its
usual 0.25A). The house breaker won't

open, but your instrument becomes an
incendiary device, with its transformer

dissipating over 500 watts!
Some notes on fuses: (a) It is best to

use a "slow-blow" type in the power-line
circuit, because there is invariably a large

current transient at turn—on (caused mostly

by rapid charging of the power—supply filter
capacitors). (b) You may think you know
how to calculate the fuse current rating,

1 rf attenuation figures are measured in a 500 system, and should not be relie upon

but you're probably wrong. A dc power
supply has a high ratio of rms current

to average current, because of the small
conduction angle (fraction of the cycle
over which the diodes are conducting).
The problem is worse if overly large filter
capacitors are used. The result is an

rms current considerably higher than you

would estimate. The best procedure is
to use a "true rms” ac current meter to

measure the actual rms line current, then

choose a fuse of at least 50% higher current
rating (to allow for high line voltage, the

effects of fuse "fatigue," etc.). (0) When

wiring cartridge—type fuse holders (used
with the popular SAG fuse, which is almost

universal in electronic equipment), be sure
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to connect the leads so that anyone chang-
ing the fuse cannot come in contact with

the power line. This means connecting the
"hot" lead to the rear terminal of the fuse

holder (the authors learned this the hard

wayl). Commercial power-entry modules
with integral fuse holders are usually ar-
ranged so that the fuse cannot be reached
without removing the line cord.

Shock hazard

Incidentally, it is a good idea to insulate

all exposed 110 volt power connections
inside any instrument, using Teflon heat-
shrink tubing, for instance (the use of "fric—

tion tape" or electrical tape inside elec—
tronic instruments is strictly bush—league).

Since most transistorized circuits operate
on relatively low dc voltages (ilSV to
i30V or so), from which it is not possible
to receive a shock, the power line wiring

is the only place where any shock hazard
exists in most electronic devices (there are

exceptions, of course). The front-panel

ON/OFF switch is particularly insidious
in this respect, since it is close to other
low-voltage wiring. Your test instruments
(or, worse, your fingers) can easily come in
contact with it when you go to pick up the
instrument while testing it.

Miscellany

We favor "power-entry modules, " combin-
ing a 3-prong IEC connector (use a remov-
able line cord) and some combination of

line filter, fuse holder, and power switch.
For example, the Schaffner FN380 series
(or Corcom L series) has all these features,

and they are available with maximum cur—
rents from 2 to 6 amps. They give you op—
tions for fusing or switching either one or

both sides of the line, and they offer several

filter configurations. Some other manufac-

turers offering similar products are Curtis,

Delta, and Power Dynamics (Table 6.3).
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Our circuit shows an LED pilot light

(with current-limiting resistor) running

from the unregulated dc voltage. It is gen-
erally better practice to power the LED
from the regulated dc, so that it doesn't
flicker with load or power-line variations.

The series combination of 100 ohms

and 0.1pF capacitor across the transformer
primary prevents the large inductive
transient that would otherwise occur at

turn—off. This is often omitted, but it is

highly desirable, particularly in equipment
intended for use near computers or other

digital devices. Sometimes this RC
"snubber" network is wired across the

switch, which is equivalent.

6.12 Transformer

Now for the transformer. Never build

an instrument to run off the power line
without a transformer! To do so is to

flirt with disaster. Transformerless power
supplies, which are popular in some con—
sumer electronics (radios and televisions,

particularly) because they're cheap, put
the circuit at high voltage with respect

to external ground (water pipes, etc.).
This has no place in instruments intended
to interconnect with any other equip—

ment and should always be avoided. And
use extreme caution when servicing

any such equipment; just connecting
your oscilloscope probe to the chassis
can be a shocking experience.

The choice of transformer is more

involved than you might at first expect.
One problem is that manufacturers have
been slow to introduce transformers with

voltages and currents appropriate for

transistorized circuitry (the catalogs are
still cluttered with transformers designed
for vacuum tubes), and you wind up mak-
ing compromises you'd rather avoid.

We have found the Signal Transformer

Company unusual, with their nice selec-

tion of transformers and quick delivery.
Don't overlook the possibility of having



transformers custom-made if your applica-
tion requires more than a few.

Even assuming that you can get the

transformer you want, you still have to

decide what voltage and current are best.
The lower the input voltage to the regula-

tor, the lower the dissipation in the pass
transistors. But you must be absolutely
certain the input to the regulator will never
drop below the minimum necessary for

regulation, typically 2 to 3 volts above

the regulated output voltage, or you may
encounter 120Hz dips in the regulated

output. The amount of ripple in the un-

regulated output is involved here, since it
is the minimum input to the regulator that

must stay above some critical voltage, but
it is the average input to the regulator that

determines the transistor dissipation.

As an example, for a +5 volt regulator

you might use an unregulated input of +10
volts at the minimum of the ripple, which

itself might be a volt or two. From the
secondary voltage rating you can make a
pretty good guess of the dc output from

the bridge, since the peak voltage (at the
top of the ripple) is approximately 1.4

times the rms secondary voltage, less two

diode drops. But it is essential to make
actual measurements if you are designing
a power supply with near-minimum drop

across the regulator, because the actual

output voltage of the unregulated supply
depends on poorly specified parameters of
the transformer, such as winding resistance
and magnetic coupling, both of which
contribute to voltage drop under load.
Be sure to make measurements under
worst-case conditions: full load and low

power-line voltage (105V). Remember that
large filter capacitors typically have loose
tolerances: —30% to +100% about the

nominal value is not unusual. It is a good
idea to use transformers with multiple taps

on the primary, when available, for final

adjustment of output voltage. The Triad
F—90X series and the Stancor TP series are

very flexible this way.

THE UNREGULATED SUPPLY

6.13 dc components

One further note on transformers: Cur-

rent ratings are sometimes given as rms

secondary current, particularly for trans-
formers intended for use into a resistive

load (filament transformers, for instance).

Since a rectifier circuit draws current only
over a small part of the cycle (during the
time the capacitor is actually charging), the
rms current, and therefore the FR heat-

ing, is likely to exceed specifications for

a load current approaching the rated rms
current of the transformer. The situation

gets worse as you increase capacitor size to

reduce preregulator ripple; this simply re-
quires a transformer of larger rating. Full-

wave rectification is better in this respect,
since a greater portion of the transformer
waveform is used.

6.13 dc components

Filter capacitor

The filter capacitor is chosen large enough
to provide acceptably low ripple voltage,

with voltage rating sufficient to handle
the worst-case combination of no load

and high line voltage (125—130V rms).

For the circuit shown in Figure 6.17,
the ripple is about 1.5 volts pp at full
load. Good design practice calls for the
use of computer-type electrolytics (they

come in a cylindrical package with screw
terminals at one end), e.g,, the Sprague
36D type. In smaller capacitance values
most manufacturers provide capacitors of
equivalent quality in an axial-lead package
(one wire sticking out each end), e.g., the
Sprague 39D type. Watch out for the loose
capacitance tolerance!

At this point it may be helpful to look
back at Section 1.27, where we first dis-

cussed the subject of ripple. With the ex-
ception of switching regulators (see Section

6.19 and following), you can always calcu-

late ripple voltage by assuming a constant-
current load equal to the maximum output

load current. In fact, the input to a series
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regulator looks just like a constant-current
sink. This simplifies your arithmetic, since

the capacitor discharges with a ramp, and

you don‘t have to worry about time con-
stants or exponentials (Fig. 6.18).

0W 1'

C an ripple = g
\ _

D.

voltage—-
#— r——-i

time—.-

Figure 6.18

For example, suppose you want to

choose a filter capacitor for the unregu-

lated portion of a +5 volt 1 amp regulated

supply, and suppose you have already cho-
sen a transformer with a 10 volt rms sec-

ondary, to give an unregulated dc output
of 12 volts (at the peak of the ripple) at

full load current. With a typical regulator

dropout voltage of 2 volts, the input to the

regulator should never dip below +7 volts
(the 723 will require +9.5V, but the con-
venient 3-terminal regulators discussed in
Section 6.16 are more friendly). Since you
have to contend with a :l:IO% worst-case

line-voltage variation, you should keep
ripple to less than 2 volts pp. Therefore,

2 = T(dV/dT) = TI/C = 0.008 x 1.0/0

from which C=4000uF. A SOOOuF 25 volt

electrolytic would be a minimum choice,
with allowance for a 20% tolerance in ca-

pacitor value. When choosing filter capac-

itors, don't get carried away: An oversize
capacitor not only wastes space but also
increases transformer heating (by reducing

the conduction angle, hence increasing the

ratio Irms/Iavg). It also increases stress on
the rectifiers.

The LED shown across the output in
Figure 6.17 acts as a "bleeder" to discharge
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the capacitor in a few seconds under no-

load conditions. This is a good feature,
because power supplies that stay charged
after things have been shut off can easily

lead you to damage some circuit com-
ponents if you mistakenly think that no
voltage is present.

Rectifier

The first point to be made is that the diodes

used in power supplies are quite different
from the small 1N914-type signal diodes

used in circuitry. Signal diodes are gen-
erally designed for high speed (a few
nanoseconds), low leakage (a few nano—
amps), and low capacitance (a few pico—
farads), and they can generally handle cur-

rents up to about 100mA, with breakdown

voltages rarely exceeding 100 volts. By
contrast, rectifier diodes and bridges for
use in power supplies are hefty objects
with current ratings going from 1 amp to

25 amps or more and breakdown voltages
going from 100 volts to 1000 volts. They

have relatively high leakage currents (in

the range of microamps to milliamps) and

plenty of junction capacitance. They are
not intended for high speed. Table 6.4 lists
a selection of popular types.

Typical of rectifiers is the popular

lN4001—1N4007 series, rated at 1 amp,

with reverse-breakdown voltages ranging
from 50 to 1000 volts. The 1N5625 series

is rated at 3 amps, which is about the high-
est current available in a lead-mounted

(cooled by conduction through the leads)
package. The popular 1N1183A series

typifies high—current stud—mounted recti—
fiers, with a current rating of 40 amps and

breakdown voltages to 600 volts. Plastic-
encapsulated bridge rectifiers are quite
popular also, with lead—mounted l and 2
amp types and chassis-mounted packages

in ratings up to 25 amps or more. For
rectifier applications where high speed is

important (e.g., dc-to-dc converters, see
Section 6.19), fast-recovery diodes are



TABLE 6.4. RECTIFIERS

Breakdown Forward

voltage drop
VBR V1: WP @

Type (V) (V)

Generalpurpose
1N4001-07 50-1000 0.9
1N5059-62 200-800 1 .0
1N5624-27 200-800 1.0
1N1183A—90A 50-600 0.9

Fast recovery (trr = 0.1us typ)
1N4933-37 50-600 1.0
1N5415-19 507500 1.0
1N3879-83 50-400 1.2
1N5832-34 50—400 1 .0

Schottky(low VF, very fast)
1 N5817-19 20-40 0.6"
1N5820-22 20-40 0 .5m
1N5826—28 20-40 0.5‘"
1N5832-34 20-40 0.6‘"

Full-wavebridge
3N246-52 50-1000 0.9
3N253-59 5071000
MDA970A1-A5 50-400 0.85
MDA3500-10 50-1000

Exotic
GE A570A-A640L 100-2000 1.0m
Semtech SCH5000-25000 5kV-25kv 7-33'"
Varo VF25-5 to -40 5kV-40kv 12-50'"
Semlech SCKV1OOK3-

200K3
100kV-200kV 150-300

["1] maximum.

available, e.g., the 1N4933 series of 1

amp diodes. For low-voltage applica-

tions it may be desirable to use Schottky
barrier rectifiers, e.g., the 1N5823 series,

with forward drops of less than 0.4 volt at
5 amps.

VOLTAGE REFERENCES

There is frequently the need for good volt-

age references within a circuit. For in-

stance, you might wish to construct a pre-

cision regulated supply with characteristics

THE UNREGULATED SUPPLY

6.13 dc components

 

Average
current

'0
(Al Package Comments

1 lead-mounted popular
2 lead-moun ed
5 lead-moun ed

40 stud-moun ed popular; -R for rev. pol.

1 lead-moun ed
3 lead-mounted

6 Siud-moun ed -R for reverse polarity
20 stud-mounted —R for reverse polarity

1 lead-moun ed
3 lead-moun ed

15 stud-moun ed
40 stud-moun ed

1 plastic SIP MDA100A
2 plastic SIP MDA200
8 chassis mtd

35 chassis mtd

1500 giant button high current!
0.5 leademounted HV, curr; fast (0.2us)
0.025 lead-mounted high voltage
0.1 plastic rod very high voltage

better than those you can obtain us-
ing complete regulators like the 723

(since integrated voltage regulator chips
usually dissipate considerable power be-

cause of the built—in pass transistor, they
tend to heat up, with consequent drift). Or
you might want to construct a precision
constant-current supply. Another applica-
tion that requires a precision reference, but
not a precision power supply, is design
of an accurate voltmeter, ohmmeter, or
ammeter.

There are two kinds of voltage ref-
erences — zener diodes and bandgap
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references; each can be used alone or as

an internal part of an integrated circuit
voltage reference.

[I 6.14 Zener diodes

The simplest form of voltage reference is
the zener diode, a device we discussed in

Section 1.06. Basically, it is a diode oper-
ated in the reverse—bias region, where cur—
rent begins to flow at some voltage and in—
creases dramatically with further increases

in voltage. To use it as a reference, you
simply provide a roughly constant current;
this is often done with a resistor from a

higher supply voltage, forming the most

primitive kind of regulated supply.

Zeners are available in selected voltages

from 2 to 200 volts (they come in the same
series of values as standard 5% resistors),

with power ratings from a fraction of a
watt to 50 watts and tolerances of 1%

to 20%. As attractive as they might
seem for use as general-purpose voltage
references, zeners are actually somewhat

difficult to use, for a variety of reasons.

It is necessary to stock a selection of
values, the voltage tolerance is poor except

in high-priced precision zeners, they are
noisy, and the zener voltage depends on
current and temperature. As an example of
the last two effects, a 27 volt zener in the

popular 1N5221 series of SOOmW zeners
has a temperature coefficient of +0. 1%/° C,

and it will change voltage by 1% when
its current varies from 10% to 50% of
maximum.

There is an exception to this generally

poor performance of zeners. It turns out
that in the neighborhood of 6 volts, zener

diodes beconre very stiff against changes
in current and simultaneously achieve a

nearly zero temperature coefficient. The

graphs in Figure 6.19, plotted from mea-
surements on zeners with different volt-

ages, illustrate the effects. This peculiar
behavior comes about because "zener"

diodes actually employ two different
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mechanisms: zener breakdown (low volt-

age) and avalanche breakdown (high volt-
age). If you need a zener for use as a stable
voltage reference only, and you don't care

what voltage it is, the best thing to use is
one of the compensated zener references
constructed from a 5.6 volts zener (approx—
imately) in series with a forward—biased
diode. The zener voltage is chosen to give
a positive coefficient to cancel the diode's
temperature coefficient of —2. lme°C.

200

100

70 {2 (dc) “' LUNA

3|]

20‘ 1001Az,rm
“3 mm?.0

5.0 T‘ = 25°C

10 s: lac] =0.1 :2 (ch| l l | l I | l l I
2.0 3.0 5.07.0 1o 20 30 50 70100 200

V2. zener voltage @ lz (V)

r, = 25°C

:2 = 2.0m

MG.changeofzenervoltage[V] 
20 30 50 10100 200

V2, zener voltage @127. (V)
B

Figure 6.19. Zener diode impedance and
regulation for zener diodes of various voltages.
(Courtesy of Motorola, Inc.)

As you can see from the graph in Fig-

ure 6.20, the temperature coefficient de-

pends on operating current and also on the
zener voltage. Therefore, by choosing the
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zener current properly, you can "tune" the

temperature coefficient somewhat. Such
zeners with built-in series diodes make par-
ticularly good references. As an example,
the 1N821 series of inexpensive 6.2 volt
references offers temperature coefficients

going from lOOppm/°C (1N821) down to
5ppm/°C (1N829); the 1N940 and 1N946
are 9 volt and 11.7 volt references with

tempcos of 2ppm/° C.

1.11
6D
5.0
4.0
3.0
2.0
1.0

 

  

1.0mA

v1 er; s. r, =25°c
-ao _J l l l l l _i L__L J

2.03.040 5.0 6.0 7.0 8.0 9.010 11 12

V2, zener voltage (V)

5.”temnnraturecoefficient(mw‘Cl
Figure 6.20. Temperature coefficient of zener
diode breakdown voltage versus the voltage of
the 7ener diode. (Courtesy of Motorola, Inc.)

El Providing operating current

These compensated zeners can be used as
stable voltage references within a circuit,
but they must be provided with constant

current. The 1N82l series is specified
as 6.2 volts :l:5°/o at 7.5mA, with an
incremental resistance of about 15 ohms;

thus, a change in current of lmA changes

the reference voltage three times as much
as a change in temperature from —55°C

to +100°C for the 1N829. Figure 6.21

shows a simple way to provide constant
bias current for a precision zener. The op-
amp is wired as a noninverting amplifier
in order to generate an output of exactly

+10.0 volts. That stable output is itself

used to provide a precision 7.5mA bias

current. This circuit is self-starting, but
it can turn on with either polarity of

 

output! For the "wrong" polarity, the

zener operates as an ordinary forward-

biased diode. Running the op—amp from
a single supply, as shown, overcomes this

bizarre problem. Be sure to use an op-amp
that has common-mode input range to the
negative rail ("single-supply" op-amps).

There are special compensated zeners

available with guaranteed stability of zener
voltage with time, a specification that nor-

mally tends to get left out. Examples are
the 1N3501 and 1N4890 series. Zeners of

this type are available with guaranteed sta—

bility of better than 5ppm/1000h. They're

not cheap. Table 6.5 lists the character—
istics of some useful zeners and reference

diodes. and Table 6.6 shows part numbers
for two popular SOOmW general—purpose
zener families.

?.5mA(
510R

 
6.2V

"4829

Figure 6.21

IC zeners

The 723 regulator uses a compensated
zener reference to achieve its excellent

performance (30ppm/°C stability of Vref).

The 723, in fact, is quite respectable as
a voltage reference all by itself, and you
can use the other components of the IC to
generate a stable reference output at any

desired voltage.

The 723 used as a voltage reference is

an example of a 3-terminal reference, mean-
ing that it requires a power supply to
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TABLE 6.5. ZENER AND REFERENCE DIODESa

Regulation
Zener Test Av for

voltage current Tempco 110% IZT Pdiss

Vz @ IZT Tolerance max max maxTYPe (V) (mA) (too) (ppm/”0) (mV) (W) Comments

Reference zeners

1N821A- 6.2 7.5 5 1:100 7.5 0.4 5 member family, graded by
1N829A 6.2 7.5 5 $5 7.5 0.4 tempco; best and worst shown

1N4890- 6.35 7.5 5 i20 0.4 long-term stab : 100ppm/1000h
1N4895 6.35 7.5 5 $5 0.4 long-term stab < 1Dppml1000h

Regulator zeners
1N5221A 2.4 20 10 -850 60 0.5 60 member family, 2.4V to 200V,
1N5231 A 5.1 20 10 :300 34 0.5 in "5% resistor values," plus

1N5281A 200 0.65 10 +1100 160 0.5 some extras. -B = i5%: popularb

1N4728A 3.3 76 10 -750 76 1.0 37 member family, 3.3V to 1%,
1N4735A 6.2 41 10 +500 8 1.0 in "5% resistor values."

1N47G4A 100 2.5 10 +1100 88 1.0 —B = i5%; popular

{a} see also Table 6.7 (IC Voltage References). In] see Table 6.6 (500mW Zeners).

operate, and includes internal circuitry to
bias the zener and buffer the output volt—

age. Improved 3—terminal IC zeners in—
clude the excellent LM369 from National

(1.5ppm/°C typ), and the REFIOKM from
Burr-Brown (lppm/°C max tempco);
we've often used the inexpensive Motorola

MC1404 (which is actually a bandgap
reference, see below) in our circuits. We'll

treat 3-terminal precision references in

more detail shortly, after discussing the
simpler 2—terminal types.

Precision temperature—compensated ze—

ner ICs are available as d-terminal refer-
ences also; electrically they look just like
zeners, although they actually include a
number of active devices to give improved

performance (most notably, constancy of

"zener" voltage with applied current).
An example is the inexpensive LM329,

with a zener voltage of 6.9 volts. Its best
version has a temperature coefficient of

6ppm/°C (typ), lOppmJ°C (max), When
provided with a constant current of lmA.
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Some unusual IC zeners include the

temperature-stabilized LM399 (0.3ppm/°C

TABLE 6.6. 500mW ZENER DIODES

 
1N5221 1N74G vz IZT
series series (V) @ (mA)

1N5230 1 N750 4.7 20
1945231 1N751 5.1 2D
1N5232 1 N752 5 .5 20
1N5233 — 5.0 20
1 N5235 1N754 6.3 20
1 N5236 1 N75 7.5 20
1 N523? ‘l N756 8 2 20
1 "5240 1 N758 1 G 20
“15242 1 N759 12 20
1N5245 1.N965 15 8.5
1 H5248 1 N96? 1 B 7.0
"5250 1N968 20 8.2
1 "5253 — 25 540
1 N5256 1 N9?2 30 42
1 "5259 1 N975 39 3.2
1N5261 1 N97? 47 2.7
1 N525? 1 N982 75 1 .7
1N5271 1N985 100 1.3

1N5276 "1989 150 0.85
1N5281 1N992 200 0.65 
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typ), the micropower LM385 (which oper-
ates down to lOpA), and the astounding
LTZlOOO from Linear Technology, with its

0.05ppm/°C typical tempco, 0.3ppm per

square-root-month drift, and l.2,u.V low-
frequency noise.

Zener diodes can be very noisy, and
some IC zeners suffer from the same dis-

ease. The noise is related to surface effects.

however, and buried (or subsurface) zener

diodes are considerably quieter. In fact,

the LTZIOOO buried zener just mentioned
is the quietest reference of any kind. The
LM369 and REFIOKM also have very low
noise.

  
DJ
 

a”.voltagenoise [uWHzH
0.01 

CL! 1 10.
zener current (mA)

Figule 6.22. Voltage noise for a low-noise zener
reference diode similar to the type used in the
723 regulator.

Table 6.7 lists the characteristics of

nearly all available IC references, both
zener and bandgap.

III 6.15 Bandgap (V35) reference

More recently, a circuit known as a “band-
gap" reference has become popular. It
should properly be called a VBE reference,

and it is easily understandable using the
Ebers-Moll diode equation. Basically, it
involves the generation of a voltage with
a positive temperature coefficient the same

as Vgg’s negative coefficient; when added

to a VBE, the resultant voltage has zero
tempco.

We start with a current mirror with two

transistors operating at different emitter

[P
(constant) {am

I (positive tampon}

 
Figure 6.23

current densities (typically a ratio of 10: 1)

(see Fig. 6.23). Using the Ebers—Moll
equation, it is easy to show that low has
a positive temperature coefficient, since

the difference in V1355 is just (kT/q) log, r,
where r is the ratio of current densities (see

the graph in Fig. 2.53). You may wonder
where we get the constant programming

current 1):. Don't worry; you'll see the
clever method at the end. Now all you

do is convert that current to a voltage
with a resistor and add a normal VBE.

+54DDV

3.?Ek.

1.22k 
Figure 6.24. Classic VBE bandgap voltage
reference.

Figure 6.24 shows the circuit. R2 sets the
amount of positive-coefficient voltage you

have added to V33, and by choosing it
appropriately, you get zero overall tem-

perature coefficient. It turns out that zero
temperature coefficient occurs when the
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TABLE 6.7. IC VOLTAGE REFERENCES
0}
I: 2

g- 'E Em ._ ._

Type Mfga in 11’ ;

Regulator type
LM1CI) NS+ B 8 -

uA7230 FS+ Z 14 '
SG3532J SG+ B 10 -

Two-terminal (zener) type
LM129A NS
VR182C DA
LM313 NS
LM329C NS
LM336-2.5 NS
LM33SB-5 NS
LM385B NS
LM3853X-1.2 NS
LM3853X-2.5 NS
LM299A NS
LM399 NS
LM3999 NS
TL430 T|
TL431 Tl
AD589M AD
LTZ1000 LT
LT1 004C-1.2 LT
LT1009C LT
LT1029A LT
LT1034B LT

LT

H8501 0N HS
lCL8069A IL

TSC9491 TS

Three-terminal type
REF—01A PM
REF-02A PM
REF-03E PM
REF-05 PM
REF—ORG PM
REF-10 PM
REF10KM BB
REF-43E PM
LH0070-1 NS
REF101 KM BB

LM368Y-2.5 NS
LM368-5 NS
LM368-10 NS
LM36QB NS
AD580M AD

WUJUJNUJUJUJUJNUJDJWNNNWUUUJWWNWWN
wNwwwNNwNwNwwww

o: Coho-PAOOOOOJOOOO I

2—

NMN |||

OOOOOOOOCDOO

MCJCDMNNOJODOJJAJANNNCOCOMNN l

(V)

0.20
7.15
2.50

6.9
2.455
1 .22
6.9

2.50
5.0
1 .23
1 .235 r
2.50
6.95
6.95
6.95
2.75
2.75
1 .235
7.2
1 .235
2.50
5.0
1:225
7.0
1 .22
1 .23

1 .22

10.0
5.0
2.5
5.0

-10.0
10.0
10.0
2.5

10.0
10.0
2.5
5.0

10.0
10.0
2.5

Voltage Acc'y

5

4

5
1.4
5
5
4.
1
1
1

0.05

typ voltage
1%] (Wm/”Cl (V)

30 1.1
20 9.5
50 4.5

6 _
23 _

100 —-
.30 -

10 -
15 —
20 —

30'" ~
30’" —

0,2 9

0.3 9
2.0 9

120 -
10 —
10’" -
0.05 v
20 7
15 -
8 ...

10 —
40 -

3 _
10: —

30 -

3 1 a
3 7
3 4.5
3 7

10'" -11.4
3' 12
1m 13.5
3’” 4.5
4.1 12.3

1"1 13.5
1 1 4.9
15 7.5

15 12.5
1 .5' 13

10 4.5

Tempco supply Supply

Min
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curr

(mA)

0.3
2.3
1.6

‘l

4.5
0.35
0.25
0.25
1 ,4

N
Output vofiage Long -termcurr

max

(mA)

20
05

150

1 5*?
1 20”

100lb
100h

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

ise

0.1 -10Hz stability
typ WP

Regulation

Load .
Line 0-10mA
WP

(0V pp) (ppm/1000h) (%/V)

— 1000
‘ 300

, 20

10‘3 10
5* -
_ 20
— 20
— 20

25 m

50' 20
1 20' 20

— 20

— 20
— 20

50 —
50 —

51 _
1 .2 0.315

150' 20
— 20
_ go
4 _

5‘ —

20 v
10 —
5 _

10' 100m
1 0 —

20 50'"
at 1 0
Bgl'l'l m

20 --

6 25
12 —
16 -
3o .—

4 a
50 25

0.001
0.003
0.005

0.006
' 0.006

0.006

0.006
0.02""
0.006
0001

WP
1%]

0.015
0.03

0.02

0.1
0.1

0.5'
0.1
0.1
0.1”
0.023
0.8"
0.4"
0.1

0.1
0.1
0.5
0.5

0.055
1 r

031110
0.1“

0.011“ ,
0.39
451
1.1.05El
0.2“

1 :2k

0.005
0.005

0.05 1
0.05
0.2'"
0.05

‘ 0.01

0.0002"I 0.03m
0.001

0.0003

0.0001
0.0001.
0.0001
0.0002

0.04

0.01

0,003
0.003
0.003
0.003
0.003

0.4
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Regulation

E % Min Output 13113812 Long-term _ Load
a .E Tempco supply Supply curr 0.1-10Hz stability Line O-10mA
g E E Voltage Aoc'y typ voltage curr max typ typ typ typ

Type ""1911 in 19 1: (V) 1%] {Ppmf'gi (V) (mA] (mm (101 99) [0001110000] (WV) 1%)

Three-terminal type (cont'd)
AD581L AD+ B 3 — 10.0 0.05 5 12 0.?5 10 50 25 0.005 0.002
AD584L AD B 8 ' 2.5 0.05 10 5 0.75 1B 150 25 0.005 I0,002

AD 5.0 0.06 5 7.5 0.75 15 50 25 0.005 0.002
AD 7.5 0.06 5 10 0.75 13 50 25 0.005 0.002
AD 10.0 0.1 5 12.5 0.?5 10 50 25 0.005 0.002

AD586L AD Z 8 ' 5.0 0.05 5m — :5'“ 10 - 15 - ~
A0587L AD 2 8 - 10.0 0.05 5'" — 5'“ 10 — 15 ; —
ADSBBB AD Z 14 ° 210.0 0.01 1.5"1 :14 J:10 4:10 10 25'“ 0.002'" 001'"
MAX671C MA Z 14 - 10.0 0.01 1m 13.5 9 10 12 50 0.0050 0.01m
AD689L AD 2 8 - 8.192 0.05 5'" 10.8 2 210 2 15 0002’“ 0.01"1

F1675C-3 HS 2 14 - kI0.0 10.05 5 :13 145,43”1 10 - — 0,00301 0.02”
LT1019A-2.5 LT B 8 ° 2.5 0.002 3 4 0.? 10 6 * 0.00005 0.0013
LT1021B-5 LT Z 8 - 5.0 1 2 7 0,0 10 3 15 0.0004 0.01
LT1031B LT Z 3 — 10.0 0.05 3 11 1.2 10 6 15' 0.00005 0.01'
MC1403A M0 B 8 — 2.5 f 10 4.5 1.2 10‘ 2 - 0.002 0.06
MC1404AU5 MO 8 8 ' 5.0 1 10 7.5 1.2 10 12 25 0.001 0.06

MC1404AU1OMO B 8 0 10.0 1 10 12.5 1.2 10 12 '25 0.0006 0.06
AD2702Li AD+ Z 14 ° :100 005 5” 213 +1232 £10 50 100 003m 005m
AD2712Li AD+ Z 14 ° i100 001 Im f13 +12r2 +5 30 25 0013 000$
LP2950ACZ NS B 3 — 5.0 0.5 20 5.4 0.08 100 - - 0.002 0.004
ICL8212 IL B 8 ° 1.15 3 200 1.8 0.035 20 - 5 0.2
TSC9495 TS B 8 ' 5.0 1 20 7 1 8 12 - 0.01 0.06

TSC9496 TS B 8 ' 10.0 1 20 12 1 B 25 - 0.01 0.05

(310 to 1mA. 1”] max zener curr. 1°] on-chip heaterltherrnostat. [d] specified for 100A to 20mA operating curr.
ieiinto 10Hz. m10Hz1010kHz,rrns. i9>10Hzto1kHz,rms, (hispec'dforSOpAto 5mA. “12700.2710:+10v;
2701:-1ov;2702,2712::1ov. UIOto 5mA. “*1 spec'd for 500Ato 5000A. (”spec'dfor051020mA. ("1 min or rnax.
1”} 1 to 20mA. max. ['31 specified for 0.5 to 10mA. (p) specified for 200A 10 20mA. 1“] specified for 1000A to 20mA.
1'} specified for ImA to 5mA. 

total voltage equals the silicon bandgap

voltage (extrapolated to absolute zero).
about 1.22 volts. The circuit in the box

is the reference. Its own output is used
(via R3) to create the constant current we

initially assumed.

Figure 6.25 shows another very popular
bandgap reference circuit (it replaces the
components in the box in Figure 6.24). Q1

and Q2 are a matched pair, forced to oper-
ate at a ratio of emitter currents of 10:1

by feedback from the collector voltages.

The difference in VBES is (kT/q)10g810,

making Qg’s emitter current proportional
to T (the preceding voltage applied across

R1). But since Ql’s collector current is
larger by a factor of 10, it also is propor—
tional to T. Thus, the total emitter cur—

rent is proportional to T, and therefore it
generates a positive-tempco voltage across

R2. That voltage can be used as a ther—
mometer output, by the way, as will be

discussed shortly. Rz’s voltage is added to

Ql’s VB E to generate a stable reference of
zero tempco at the base. Bandgap refer-
ences appear in many variations, but they
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all feature the summation of VBE with a

voltage generated from a pair of transis—
tors operated with some ratio of current
densities.

5.00V
our

3.?!“

1.22V

1.22k  
tap for
temperature

Figure 6.25

[3 IC bandgap references

An example of an IC bandgap reference

is the inexpensive 2-terminal LM385-1.2,
with a nominal operating voltage of 1.235

volts, :1% (the companion LM385-2.5
uses internal circuitry to generate 2.50V),

usable down to 1011A. That's much less
than you can run any zener at, making
these references excellent for micropower

equipment (see Chapter 14). The low
reference voltage (1.235V) is often much
more convenient than the approximately

5 volt minimum usable voltage for zen-

ers (you can get zeners rated at voltages as

low as 3.3V, but they are pretty awful, with

very soft knees). The best grade of LM385
guarantees 30ppml°C maximum tempco
and has a typical dynamic impedance of

1 ohm at lOOuA. Compare this with the
equivalent figures for a 1N4370 2.4 volt
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zener diode: tempco 800ppm/°C (typ),
dynamic impedance 2 3000 ohms at

lOOuA, at which the "zener voltage" (spec-
ified as 2.4V at 20mA) is about 1.1 volt!

When you need a precision stable voltage
reference, these excellent bandgap ICs put
conventional zener diodes to shame.

If you're willing to spend a bit more
money, you can find bandgap references
of excellent stability, for example, the 2-
terminal LT1029, or the 3-terminal REF-

43 (2.50V, 3ppm/°C max). The latter
type, like the 3-terminal references based
on zener technology, requires a dc supply.
Table 6.7 lists most available bandgap
(and zener) references, both 2—terminal
and 3—terminal.

One other interesting voltage reference

is the TL431C. It is an inexpensive "pro-
grammable zener" reference, and it is used
as shown in Figure 6.26. The "zener"
(made from a VB E circuit) turns on when

the control voltage reaches 2.75 volts; the

device draws only a few microamps from

the control terminal and gives a typical

tempco of output voltage of lOppm/°C.
The circuit values shown give a zener volt-

age of 10.0 volts, for example. This device
comes in a mini—DIP package and can
handle currents to lOOmA.

?12k

1% ,v: = 2.15V 22%
mm , rut-516

I 2?,“1%

Figure 6.26

|:| Bandgap temperature sensors

The predictable V55 variation with tem—
perature can be exploited to make a tem—
perature—measuring IC. The REF—02, for



instance, generates an additional output
voltage that varies linearly with tempera—

ture (see preceding discussion). With some
simple external circuitry you can gener-

ate an output voltage that tells you the
chip temperature, accurate to 1% over the

full "military" temperature range (—55°C
to +125°C). The AD590, intended for

temperature measurement only, generates
an accurate current of luA/°K. It's a 2-
terminal device; you just put a voltage
across it (4—30V) and measure the current.
The LM334 can also be used in this man-

ner. Other sensors, such as the LM35 and

LM335, generate accurate voltage outputs

with a slope of +10mV/°C. Section 15.01
has a detailed discussion on all these

temperature "transducers. "

Three-terminal precision references

As we remarked earlier, it is possible to

make voltage references of remarkable

temperature stability (down to lppm/°C
or less). This is particularly impressive

when you consider that the venerable Wes-

ton cell, the traditional voltage reference
through the ages, has a temperature coef-
ficient of 40ppm/°C (see Section 15.11).

There are two techniques used to make
such references.

1. Temperature-stabilized references. A

good approach to achieving excellent tem-

perature stability in a voltage reference cir-
cuit (or any other circuit, for that matter)
is to hold the reference, and perhaps its
associated electronics, at a constant ele-

vated temperature. You will see simple
techniques for doing this in Chapter 15
(one obvious method is to use a bandgap

temperature sensor to control a heater). In

this way the circuit can deliver equivalent
performance with a greatly relaxed tem-
perature coefficient, since the actual cir-

cuit components are isolated from exter-
nal temperature fluctuations. Of greater
interest for precision circuitry is the

VOLTAGE REFERENCES

6.15 Bandgap (V315) reference

ability to deliver significantly improved
performance by putting an already well-
compensated reference circuit into a
constant-temperature environment.

This technique of temperature-stabi-
lized or "ovenized" circuits has been used

for many years, particularly for ultrastable
oscillator circuits. There are commercially

available power supplies and precision
voltage references that use ovenized ref-
erence circuits. This method works well,
but it has the drawbacks of bulkiness, rel—

atively large heater power consumption,

and sluggish warm-up (typically 10min
or more). These problems are effectively
eliminated if the thermal stabilization is

done at the chip level by integrating a
heater circuit (with sensor) onto the inte-

grated circuit itself. This approach was pi-
oneered in the 1960s by Fairchild with the

pA726 and ”A727 temperature-stabilized
differential pair and preamp, respectively.

More recently, temperature-stabilized
voltage references such as the National
LM199 series have appeared. It offers a

temperature coefficient of ODOOOZW'T

(typ), which is a mere 0.2ppm/°C. These
references are packaged in standard metal

transistor cans (TO-46); they consume
about 0.25 watt of heater power and come
up to temperature in 3 seconds. Users
should be aware that the subsequent op-

amp circuitry, and even precision wire-
wound resistors with their i2.5ppm/°C

tempco, may degrade performance consid-
erably, unless extreme care is used in de—
sign. In particular, low-drift precision op-

amps such as the OP-07, with 0.2pV/°C
(typ) input-stage drift, are essential. These
aspects of precision circuit design are
discussed in Sections 7.01 to 7.06.

One caution when using the LM399:

The chip can be damaged if the heater
supply hovers below 7.5 volts for any
length of time.

The LT1019 bandgap reference, though
normally operated unheated, has an on-

chip heater and temperature sensor. So
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MEEE HE: 2E:
figllllllllll

I'lllllll

LM385 @ 10V lbandgapl

3MouseVoltage(ReferredtoInput) '0 < IIlIE
I! 6”}anHz:

LMflSS @ 10V Ehealedzenen

“30 LT1E|31 J‘LHOGTO Iburied zenerl 
100 7 ll: 113k

Irequency lel

E

IIIF—Ill-IE!
III IIfl

IIIEiIIW
+ MI:4 .-

NOIseVoltage(ReferredtoInput :2“< IIIEEIII I'leiiIlIIIFéIII IIIEgIIIIIIE-IIIF
 

  

 
LM3’BB @ 10V

IUD lhanduapl

10
LT1DS1JLH007€I
[buried zenerl

  
integratednoisevoltage01Vms]

'4‘” hiiiiiflii 10 mo 1% 1m-6pV

C E

upper frequency {Hz}
NoiseVoltage(RelerredloInput
Figure 6.27. Buried zener references (A) have lower noiée than either heated zeners (B) or bandgap
references (C). (Courtesy of Burr-Brown Corporation.) (D) Noise density (23;) comparison;
(E) integrated noise voltage comparison.
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you can use it like the LM399, to get

tempcos less than 2ppm/°C. However,
unlike the LM399, the LT1019 requires
some external circuitry to implement the
thelmostat (an op-amp and a half dozen
components).

El 2. Precision unheated references. The

thermostated LM399 has excellent tempco,
but it does not exhibit extraordinary noise

or long-term drift specs (see Table 6.7).
The chip also takes a few seconds to heat

up, and it uses plenty of power (4W at
start—up, 250mW stabilized).

Clever chip design has made possible

unheated references of equivalent stabil-
ity. The REFlOKM and REFIOlKM from

Bulr-Brown have tempcos of lppmloC
(max), with no heater power or warm-up
delays. Furthermore, they exhibit lower

long-term drift and noise than the LM399-
style references. Other 3-terminal refer-

ences with lppml°C maximum tempco
are the MAX671 from Maxim and the

AD271012712 references from Analog
Devices. In 2—terminal configurations the

only contender is the magnificent LTZlOOO

from Linear Technology, with its claimed
0.05ppm/°C tempco. It also claims long-
term drift and noise specs that are a fac-

tor of 10 better than any other reference
of any kind. The LTZlOOO does require
a good external biasing circuit, which you

can make with an op-amp and a few parts.

All of these high stability references (in-
cluding the heated LM399) use buried
zeners, which additionally provide much
lower noise than ordinary zener or band-

gap references (Figure 6.27).

THREETERMINAL AND
FOUR—TERM]NAL REGULATORS

6.16 Three—terminal regulators

For most noncritical applications the best
choice for a voltage regulator is the simple

3-terminal type. It has only three con-

nections (input, output, and ground) and

is factory—trimmed to provide a fixed out—
put. Typical of this type is the 78xx. The
voltage is specified by the last two dig-
its of the part number and can be any of

the following: 05, 06, 08, 10, 12, 15, 18,

or 24. Figure 6.28 shows how easy it is
to make a +5 volt regulator, for instance,
with one of these regulators. The capac-
itor across the output improves transient

response and keeps the impedance low at
high frequencies (an input capacitor of at
least 0.33”}: should be used in addition

if the regulator is located a considerable
distance from the filter capacitors). The

7800 series is available in plastic or metal

power packages (same as power transis-
tors). A low-power version, the 78Lxx,

comes in the same plastic and metal pack-

ages as small-signal transistors (see Table
6.8). The 7900 series of negative regula-
tors works the same way (with negative
input voltage, of course). The 7800 se—

ries can provide up to 1 amp load cur—
rent and has on—chip circuitry to prevent
damage in the event of overheating or ex-
cessive load current; the chip simply shuts

down, rather than blowing out. In addi-
tion, on-chip circuitry prevents operation

outside the transistor safe operating area

(see Section 6.07) by reducing available
output current for large input—output volt-
age differential. These regulators are in—
expensive and easy to use, and they make
it practical to design a system with many

printed—circuit boards in which the unreg—
ulated dc is brought to each board and reg-
ulation is done locally on each circuit card.

unregulater'

input d 1 7305 _*5.EW(regula[ed)
+7Vto+3§¥ I (HA' BJpF

I?

Figure 6.28

Three-terminal fixed regulators come in

some highly useful variants. The LP2950
works just like a 7805, but draws only
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TABLE 6.8. FIXED VOLTAGE REGULATORS

Output current (11131)"1

5; @75°c No healsinkb Regulationfiyp) In 01 volta e
3 case— _

V001 1: Iout lom PmSS LoadC Lined QJC min' max
TYPE Pkg (V) (%) (A) (A) (W) (mVl (“Ni ("0le (V) (V)

Positive

LM2950CZ-5.o T092 5 1 0.03 0.1 0.5 2 1.5 150 5.4 30
LM29312-5.0 00-92 5 5 0.1 0.1 0.5 14 3 150 5.3 25

LM78L05ACZ T092 5 4 0.1 0.1 0.5 5 50 150 7 35
LM330T-5.09 T0220 5 4 0.15 0.15 1.5 14 20 4 5.3 25
TL750L05 T092 5 4 0.15 0.15 0.5 20 5 150 5.5 25

LM2984CT T0220" 5 3 0.5 0.5 2 12 4 5 5.5 25
LM2925T 102201 5 5 0.75 0.5 2 10 5 3 5.5 25
LM2935T T0220 5 5 0.75 0.5 2 10 3 3. 5.5 25

LM309K 103 5 4 1 0.5 2.2 20 4 3 7 35
LT1005CT T0220 5 2 1 0.5 2 5 5 3 7 20

LM2940T—5.o T0220 5 3 1 0.5 2 35 20 3 5.5 25
LM7805¢K T03 5 4 1 0.5 2.2 1 0 3 3.5 7 35
LM7805CT T0220 5 4 1 0.45 1.7 10 3 3 7 35
LM7815CT T0220 15 4 1 0.15 1 .7 12 4 3 17 35
LT1086-5CT T0220 5 1 1.5 0.5 2 5 0.5 3 5.3 30
LAS16A05 T03 5 2 2 0.75 2 a 30m 100'" 2.5 7.5 30
LM323K T03 5 4 3 0.5 2 25 5 2 7 20
LT1035CK T03 5 2 3 0.3 3 10 5 1.5 7.3 20
LT1 085-5CT T0220 5 1 3 0.5 2 5 0.5 3 5.3 30

LAS14A05 T03 5 2 3 0.5 3 30'“ 50'“ 2.3 7.5 35
LT1003CK T03 5 2 5 0.3 3 25 5 1 7.3 20
LT1084-5CK T03 5 1 5 0.3 3 5 0.5 1.5 .53 30

LAS19A05 T03 5 2 5 0.5 ‘3 30"1 50'" 0.5 7.5 30
LT1083-5CK T03 5 1 7.5 0.5 3 5 0.5 1 .5 5.3 30
LA83905 T03 5 5 5 0.3 3 20m 100'" 0.7 7.5 25

Negative
LM79L15ACZ T092 -15 4 0.1 0.05 0.5 75m 45m 150 -17 -35
LM7915CK T03 -15 4 1 0.2 2.2 4 3 3.5 45.5 -35
LM7915CT T0220 -15 4 1 0.15 1.7 4 3 3 -15.5 -35
LM345K-5.0 T03 -5 4 3 0.2 2.1 10 5 2 -7.5 -20

W with vin=1.75v .. (”150°C ambient. {Cl 010 1W. (“J AV =15v. lei AVOU for 00 to 100°Cjunc temp.
“1 1000 hours. ‘9 similar to LM2930T-5.0, LM2931T-5.0. thinwide T0220. 11‘] at Imax. (ml min or max.
(1] typical. All include internal thermal shutdown and current-limiting circuitry. Most are available in f5, 6,

8, 10,12, 15, 18, and 24V units; a few are available in -2, -3, -4, -5.2, -9, +2.6, +9, and +17V units.
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6.16 Three-terminal regulators

120Hz Long- Output
ripple Temp term impedance
reject stabe stab'
typ typ max 10Hz 10kHz

Type (dB) (mV) (We) (R) ( R) Comments

LM295002—5.0 70 10 - 0.01 0.5 micropower, 1%

LM2931Z-5.0 I30 .. 0.41 0.1 02 low dropout, low power
LM78L05ACZ 50 * 0.25 0.2 02 small; LM24OLAZ‘5.0

LM330T—5.09 55 25 0.4t 0.1 0.2 low dropout; 2930
TL750L05 55 5'0 - - v TL751 has enable

_M2984CT 70 3 0.4' 0.01 0.02 dual outputs (,uP): reset, onloff
_M2925T BE — 0.4l 0.2 0.2 microprocessor; reset
_M2935T 66 ~ 0.4t 0.02 0.02 dual outputs (,uP); reset, on/off
_M309K 80 50 0.4 0.04 0.05 original +5V regulator
_T1OOSCT 70 25 = 0.003 0.01 dual outputs (0P)
_M2940T-5.0 72 20 0.4" 0.03 0.03
_M78050K 80 30 0.4 0.01 0.03 LM34OK-5

_M78050T 80 30 0.4 0.01 003 popular; LM34OT-5
_M781SCT ?0 100 0.4 0.02 0.05 LM340T715

_T1086—5CT 53 25 1 + - low dropout
_ASI6A05 75 -— - 0.002 0.02 Lambda, monolithic
_M323K 70 30 0‘7 0.01 0.02

_T1035CJK 70 25 r 0.003 0.01‘ dual +5; 1036 is +12/+5

_T1085-5CT 53 25 1 — = low dropout
_ASI4A05 70 100'" - 0.001 0.003 Lambda, monolithic
_T10030K 66 25 0.7' 0.003 0.02

_T1084-SCK 63 25 1 — - low dropout
_ASI 9A05 7.0 150”“ - 0.01 0.2 lambda, monolithic
LT108375CK 63 25 1 - — low dropout
LA83905 50‘“ 100 — 0.004 0.01 Lambda, monolithic

LMTQLtfiACZ 40 — 0.4' 0.05 005 small; LM320LZ-15
LM791SCK 60 50 04 006 00? LM32OK045

LM791SCT 60 50 04 006 007 LM320T45
LM345K—5.0 65 25 1 .0 0,02 0.04
 

750A of quiescent current (compared with
the 7805's 5mA, or the 78L05’s 3mA); it

also regulates with as little as a 0.4 volt

drop from unregulated input to regulated
output (called the "dropout voltage"), com-

pared With 2 volts dropout for the classic

7805. The LM2931 is also low-dropout,
but you might call it millipower (0.4mA

quiescent current), compared with the

"micropower" LP2950. Low-dropout regu-
lators also come in high—current versions —

for example, the LT1085/4/3 series from
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LTC (3A, 5A, and 7.5A, respectively, with
both +5V and +12V available in each

type). Regulators like the LM2984 are ba-
sically 3-terminal fixed regulators, but with
extra outputs to signal a microprocessor

that power has failed, or resumed. Finally,
regulators like the 4195 contain a pair of

3—terminal 15 volt regulators, one positive
and one negative. We'll say a bit more

about these special regulators shortly.

6.17 Three-terminal adjustable
regulators

Sometimes you want a nonstandard regu-

lated voltage (say +9V, to emulate a bat-
tery) and can‘t use a 78xx-type fixed reg-

ulator. Or perhaps you want a standard
voltage, but set more accurately than the

2E3% accuracy typical of fixed regulators.

By now you're spoiled by the simplicity of

3-terminal fixed regulators, and therefore

you can‘t imagine using a 723-type regu-
lator circuit, with all its required external
components. What to do? Get an "ad—
justable 3-terminal regulator"! Table 6.8

lists the characteristics of a representative

selection of 3-terminal fixed regulators.

These wonderful ICs are typified by
the classic LM317 from National. This

regulator has no ground terminal; instead,
it adjusts Vout to maintain a constant 1.25

volts (bandgap) from the output terminal

to the "adjustment" terminal. Figure 6.29
shows the easiest way to use it. The
regulator puts 1.25 volts across R1, so 5mA
flows through it. The adjustment terminal
draws very little current (50—100/1A), so

the output voltage is just

Vout = l.25(1 + Jig/RI] volts

In this case the output voltage is adjustable
from 1.25 volts to 25 volts. For a fixed-

output-voltage application, R2 will nor-

mally be adjustable only over a narrow

range, to improve settability (use a fixed
resistor in series with a trimmer). Choose

your resistive divider values low enough
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to allow for a SOMA change in adjustment
current with temperature. Because the
loop compensation for the regulator is the
output capacitor, larger values must be used

compared with other designs. At least a
luF tantalum is required, but we recom—

mend something more like 6.8g]?

The 317 is available in several pack-
ages, including the plastic power package
(TO-220), the metal power package
(TO—3), and the small transistor packages

(metal, TO—5; plastic, TO—92). In the
power packages it can deliver up to

1.5 amps, with proper heat sinking.

Because it doesn‘t "see" ground, it can

be used for high-voltage regulators, as long
as the input—output voltage differential
doesn't exceed the rated maximum of

40 volts (60V for the LM317HV high-

voltage variant).

 
Figure 6.29. Three—terminal adjustable
regulator.

EXERCISE 6.5

Design a +5 volt regulator with the 317. Provide
i20% voltage adjustment range with a trimmer
pot.

Three—terminal adjustable regulators are
available with higher current ratings, e.g.,
the LM350 (3A), the LM338 (5A), and

the LM396 (10A), and also with higher
voltage ratings, e.g., the LM317H (60V)
and the TL783 (125V). Read the data

sheets carefully before using these parts,

noting bypass capacitor requirements and
safety diode suggestions. As with the fixed
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3-terminal regulators, you can get low-

dropout versions (e.g., the LT1085, with
1.3V dropout at 3.5A), and you can get

useful as a rough guide to the performance
you can expect:

micropower versions (e.g., the LP2951, the Output voltage tolerance: 1—2%

adjustable variant of the fixed 5V LP2950; DIOPOUl voltagfi 0-5-2 volts

both have IQ = 75HA) You can also Maximum input voltage: 35 volts (except TL783
get negative versions, although there's less to +125V)

variety: The LM337 is the negative cousin Ripple “36030111 0.01 —0-l%
of the LM317 (1.5A), and the LM333 is a Spike rejection: 01—03%

negative LM350 (3A). Load regulation: 0.1—0.50/0, full load change
dc input rejection: 0.2%

Temperature stability: 0.5%, over full temp range
|:| Four-terminal regulators

Three-terminal adjustable regulators are

the favorite for noncritical requirements.

Historically they were preceded by four—

terminal adjustable regulators, which you

connect as shown in Figure 6.30. You
drive the "control" terminal with a sample
of the output; the regulator adjusts the out—
put to keep the control terminal at a fixed

voltage (+3.8V for the Lambda regulators

in Table 6.9. +5V for the uA79G, and
—2.2V for the negative regulators). Four—
terminal regulators aren't any better than

the simpler 3-terminal variety (but they

aren't any worse, either), and we mention
them here for completeness.

LIA IEG +1 5 V

 
unregulated
input
218V

Figure 6.30

6.18 Additional comments about

3-terminal regulators

General characteristics of

3- and 4-terminal regulators

The following specifications are typical for

most 3- and 4-terminal regulators. both

fixed and adjustable, and they may be

Improving ripple rejection

The circuit of Figure 6.29 is the standard

3—tenninal regulator, and it works fine.

However, the addition of a lOpF bypass
capacitor from the adjust (ADJ) terminal
to ground (Fig. 6.31) improves the ripple

(and spike) rejection by about lSdB (factor

of 5 in voltage). For example, the LM317

ripple rejection factor goes from 65dB to
SOdB (the latter is 0.lmV output ripple
when supplied with IV input ripple, a

typical value). Be sure to include the safety
discharge diode; look at the specification
sheet of the particular regulator for more
details.

 
Figure 6.31. The AD] pin may be bypassed for
lower noise and ripple, but a safety discharge
diode must be included.

Low-dropout regulators

As we mentioned earlier, most series regu—
lators need at least 2 volts of "headroom"

to function; that's because the base of the

npn pass transistor is a VBE drop above
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the output, and it has to be driven by
a driver transistor, usually another npn
whose base is pulled up with a current mir-

ror. That's already two VBE drops. Fur-

thermore, you need to allow another VBE
drop across the current-scnsing resistor for
short—circuit protection; see Figure 6.32A,

a simplified schematic of the 78Lxx. The
three VBEs add up to about 2 volts, below

+V
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which the regulator drops out of regulation
at full current.

By using a pnp (or p-channel MOSFET)

pass transistor, the dropout voltage can be
reduced from the three VBE drop of the

conventional npn scheme, down nearly to
the transistor saturation voltage. Figure

6.32B shows a simplified schematic of
the LM330 low—dropout fixed +5 volt

Figure 6.32
A. Simplified 781.)“.
B. Simplified LM330
(low dropout).
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(150mA) regulator. The output can be
brought within a saturation voltage of the
unregulated input voltage by the pnp pass
transistor. Having thus eliminated the
Darlington VB E drops of the npn regulator

circuit, the designers weren't about to
waste a diode drop with the usual (series
resistor) short—circuit protection scheme.

So they used a clever trick, deriving a
sample of the output current via a second
collector: That current is a fixed fraction

of the output current and is used to shut
off base drive as shown. This current-limit

scheme is not particularly precise (1L is

specified as lSOmA min, 700mA max), but
it's good enough to protect the regulator,

which also has internal thermal limiting.

Low-dropout regulators are available in
most of the popular types, for example 3-

terminal fixed voltage [LM293|, LM330,
LT1083/4/5 (5V and 12V), TL750], 3-ter-

minal adjustable (LT1083/4/5, LM2931),

and micropower (LP2950/1, MAX664,
LT1020). Tables 6.8 and 6.9 include all

low-dropout regulators available at the
time of writing.

Processor-oriented regulators

Electronic devices that include micropro—
cessors (the subject of Chapters 10 and
11) require more than a simple regulated
voltage. In order to retain the contents
of volatile memory (and in order to keep

track of elapsed time) they need a separate

source of low-current dc when the regular
power source is off; this may happen be-
cause the device is shut off, or because of

a power failure. They also need to know
when ordinary power has resumed, so they

can "wake up" in a known state. Further—

more, a microprocessor-based device may
need to have a few milliseconds warning
that normal power is about to fail, so it

can put data into safe memory.

Until recently you had to design ex-
tra circuitiy to do these things. Now life

is easy — you can get “(micro)proeessor-

oriented" regulator ICS, with various com—
binations of these functions built in. These

ICs sometimes go by the name of "power
supply supervisory chips" or "watchdog"
chips. An example is the LM2984, which

has two high-current +5 volt outputs (one
for the microprocessor, one for other cir-

cuitry) and a low-current +5 volt output
(for memory), a delayed RESET flag out—
put to initialize your microprocessor when

power resumes, and an ON/OFF control—
ling input for the high-current outputs. It
also has an input that monitors micropro-
cessor activity, resetting the processor if it

grinds to a halt. An example of a watch-

dog chip without regulator is the MAX691
from Maxim, which monitors the regu-

lated supply voltage and microprocessor

activity, and provides reset (and "inter-
rupt") signals to the microprocessor, just
like the LM2984. However, it adds both

power-fail warning and battery switchover
Circuitry to the other capabilities of the
LM2984. Used with an ordinary +5 volt
regulator, the MAX691 does everything

you need to keep a microprocessor happy.
We'll learn much more about the care and

feeding of 111icroprocessors in Chapters 10
and 11.

El Micropower regulators

As we suggested earlier, most regulator
chips draw a few milliamps of quiescent
current to 11111 the internal voltage refer-

ence and error amplifiers. That's no prob-
lem for an instrument powered from
the ac mains, but it's undesirable in a

battery—operated instrument, powered by
a 400mA-hour 9 volt alkaline battery, and

it‘s intolerable in a micropower instrument

that must run a thousand hours, say, on a
battery.

The solution is a micropower regula-

tor. The most miserly of these are the

ICL7663/4, positive and negative adjust-
able regulators with quiescent currents of

4uA. At that current a 9 volt battery

0299
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would last 100,000 hours (more than 10

years), which exceeds the "shelf life" (self-
discharge time) of all batteries except some

lithium—based types. Micropower design is
challenging and fun. and we'll tell you all
about it in Chapter 14.

Dual-polarity regulated supplies

Most of our op-amp circuits in Chapter 4

ran from symmetrical bipolarity supplies,
typically :blS volts. That's a common re—
quirement in analog circuit design, where

 
 

 

 

 

1- V,"
(unreal

0300

 

you often deal with signals near ground,
and the simplest way to generate symmet—
rical split supplies is to use a pair of 3—
terminal regulators. For example, to gen-

erate regulated :1:15 volts, you could use
a 7815 and a 7915, as in Figure 6.33A.
We tend to favor the use of adjustable 3-
terminal regulators, because (a) you only

need to stock one type for each polarity
and current range, and (b) you can trim
the voltage exactly, if needed; Figure 6.33B
shows how the circuit looks with a 317 and
337.

o {-15V reg
071A

1 N4004

I *15\' reg
Ell—1.513.

o — 15V reg
O—LSA

Figure 6.33. Dual-polarity regulated supplies.
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+V m

(unregulated)

+15”.

IlluF

LMBES-Zj
ELBOW  

\ O:

\ MJ2955
-ym

(unregulated)

Figure 6.34. Dual-tracking regulator.

El Dual trackingregulators. Given the need

for regulated split supplies, you might

wonder why there aren't "dual 3-terminal

regulators." Wonder no more - they

exist and are known as "dual tracking
regulators." To understand why they have
such a complicated name, take a look
at Figure 6.34, which shows the classic

dual tracking regulator circuit. Q1 is the
pass transistor for a conventional positive
regulated supply. The positive regulated
output is then simply used as the reference

for a negative supply. The lower error

amplifier controls the negative output by
comparing the average of the two output

voltages with ground, thus giving equal
15 volt positive and negative regulated

outputs. The positive supply can be any of
the configurations we have already talked

about; if it is an adjustable regulator, the

negative output follows any changes in the

positive regulated output. In practice, it is
wise to include current-limiting circuitry,
not shown in Figure 6.34 for simplicity.

As with single—polarity regulators, dual-
tracking regulators are available as com-
plete integrated circuits in both fixed and
adjustable versions, though in consider-

ably less variety. Table 6.10 lists the char-
acteristics of most types now available.
Typical are the 4194 and 4195 regula-

tors from Raytheon, which are used as
shown in Figure 6.35. The 4195 is factory-

trimmed for :E 15 volt outputs, whereas the
4194's symmetrical outputs are adjustable

via the single resistor R1. Both regulators
are available in power packages as well as
the small DIP packages, and both have in-
ternal thermal shutdown and current lim-

iting. For higher output currents you can

add outboard pass transistors (see below).

Many of the preceding regulators (6.3.,
the 4-terminal adjustable regulators) can

be connected as dual-tracking regulators.
The manufacturers' data sheets often give

suggested circuit configurations. It is

worth keeping in mind that the idea of
referencing one supply‘s output to another
supply can be used even if the two supplies

are not of equal and opposite voltages.

For instance, once you have a stable +15
volt supply, you can use it to generate

a regulated +5 volt output, or even a
regulated — 12 volt output.

EXERCISE 6.6

Design a 112 volt regulator using the 4194.

Reverse-polarityprotection. An addition—

al caution with dual supplies: Almost

any electronic circuit will be damaged
extensively if the supply voltages are

reversed. The only way that can hap—
pen with a single supply is if you connect

the wires backward; sometimes you see a
high—current rectifier connected across the

circuit in the reverse direction to protect
against this error. With circuits that use
several supply voltages (a split supply,

for instance), extensive damage can result
if there is a component failure that shorts

the two supplies together; a common
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+18 to +30

 
915V @I

[unrequlamd] lOOmA
4310-30 "5V@
(unregulated) 100mA

A

14/ (unregulated!

—Vm lunregulared}

DflfllyF
B

Figure 6.35

situation is a collector—to—emitter short in

one transistor of a push—pull pair operating

between the supplies. In that case the two
supplies find themselves tied together, and
one of the regulators will win out. The
opposite supply voltage is then reversed in
polarity, and the circuit starts to smoke.
For this reason it is wise to connect a power

rectifier (e.g., a 1N4004) in the reverse

direction from each regulated output to
ground, as we drew in Figure 6.33.

Outboard pass transistors

Three-terminal fixed regulators are avail-

able with 5 amps or more of output cur-
rent, for example the adjustable 10 amp
LM396. However, such high current oper-

ation may be undesirable, since the maxi—
mum chip operating temperature for these

regulators is lower than for power tran—

sistors, mandating oversize heat sinks.

Also, they are expensive. An alternative

 
solution is the use of external pass tran-
sistors, which can be added to the 3- and

4—terminal regulators (and dual—tracking
regulators) just as with the classic 723.

Figure 6.36 shows the basic circuit.

 
 

 
T83):

in ground out
ground

I

Figure 6.36. Three-terminal regulator with
current-boosting outboard transistor.

  651

The circuit works normally for load
currents less than lOOmA. For greater load

currents, the drop across R1 turns on

Q1, limiting the actual current through
the 3-terminal regulator to about lOOmA.
The 3—terminal regulator maintains the
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output at the correct voltage, as usual, by
reducing input current and hence drive to

Q1 if the output voltage rises, and vice
versa. It never even realizes the load

is drawing more than lOOmA! With this
circuit the input voltage must exceed the

output voltage by the dropout voltage of
the 78xx (2V) plus a VBE drop.

In practice, the circuit must be modified
to provide current limiting for Q1, which

could otherwise supply an output current

equal to {mpg times the regulator's internal
current limit, i.e., 20 amps or more!

That's enough to destroy Q1, as well as
the unfortunate load that happens to be

connected at the time. Figure 6.37 shows
two methods of current limiting.

  

 

in ground our
ground

unregulated regulated
in — out

A

unregulated

i“ regulatedCl“
8

Figure 6.37. Current—limit circuits for outboard
transistor booster.

In both circuits, Q2 is the high-current
pass transistor, and its emitter-to-base re-
sistor has been chosen to turn it on at

lOOmA load current. In the first circuit,

Q1 senses the load current via the drop

across R50, cutting off Qg’s drive when
the drop exceeds a diode drop. There are
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a couple of drawbacks to this circuit: The
input voltage must now exceed the regu—
lated output voltage by the dropout voltage
of the 3-terminal regulator plus two diode
drops, for load currents near the current

limit. Also, Q1 must be capable of han-
dling high currents (equal to the current

limit of thc rcgulator), and it is difficult to
add foldback limiting because of the small
resistor values required in Ql’s base.

The second circuit helps solve these

problems, at the expense of some addi—
tional complexity. With high-current reg-

ulators, a low dropout voltage is often
important to reduce power dissipation to

acceptable levels. To add foldback limit-
ing to the latter circuit, just tie Ql’s base

to a divider from Qz’s collector to ground,
rather than directly to Qg’s collector.

External pass transistors can be added
to the adjustable 3- and 4-terminal regu—
lators in exactly the same way. See thc
manufacturers' data sheets for further

details.

Current source

A 3-terminal adjustable regulator makes a

handy high-power constant-current source.

Figure 6.38 shows one to source 1 amp.
The addition of an op-amp follower, as
in the second circuit, is necessary if the
circuit is used to source small currents,

since the "ADJ" (adjust) input contributes

a current error of about 50uA. As with
the previous regulators, there is on-chip
current limit, thermal—overload protection,
and safe operating area protection.

EXERCISE 6. 7

Design an adjustable current source for output
currents from 1 OuAto 1 mA using a 317. If Vin =
+15V, what is the output compliance? Assume
a dropout voltage 0! 2 volts.

Note that the current source in Figure
6.38A is a 2—terminal device. Thus, the
load can be connected on either side. The

figure shows how you might connect things
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to sink current from a load returned to

ground (of course, you could always use

the negative-polarity 337, in the configu-
ration analogous to Fig. 6.38A).

National makes a special 3-terminal

device, the LM334, optimized for use as
a low—power current source. It comes
in the small plastic transistor package
(TO-92), as well as the standard DIP IC

package. You can use it all the way down
to lpA, because the "adj " current is a small
fraction of the total current. it has one

peculiarity, however: The output current is

temperature-dependent, in fact, precisely

proportional to absolute temperature. So
although it is not the world's most stable
current source, you can use it (Section

15.01) as a temperature sensor!

6.19 Switching regulators and
dc-dc converters

All the voltage regulator circuits we have

discussed so far work the same way: A

6.19 Switching regulators and dc-dc converters

1.29

Figure 6.38. One amp current sources.

linear control element (the "pass transis-
tor") in series with the unregulated dc is
used, with feedback, to maintain constant

output voltage (or perhaps constant cur-
rent). The output voltage is always lower

in voltage than the unregulated input volt—
age, and some power is dissipated in
the control element [the average value of

IoudVin — Vlmt), to be precise]. A minor
variation on this theme is the shunt regu-
lator, in which the control element is tied

from the output to ground, rather than in

series with the load; the simple resistor-
plus-zener is an example.

There is another way to generate a reg-
ulated dc voltage, fundamentally different
from what we‘ve seen so far; look at Figure

6.39. In such a switching regulator a tran-

sistor operated as a saturated switch peri-
odically applies the full unregulated volt-
age across an inductor for short intervals.

The inductor's current builds up during

each pulse, storing ALF of energy in its2

magnetic field; the stored energy is trans-

ferred to a filter capacitor at the output,
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unra'gpm reg dc

anm< lemaxll

Figure 6.39. Two kinds of regulatom.
A. Linear (series).
B. Step—up switcher.

which also smooths the output (to carry the

output load between charging pulses). As

with a linear regulator, feedback compares

the output with a voltage reference - but
in a switching regulator it controls the

output by changing the oscillator's pulse
width or switching frequency, rather than

by linearly controlling the base or gate
drive.

Switching regulators have unusual prop—

erties that have made them very popular:
Since the control element is either off or

saturated, there is very little power dissipa—
tion; switching supplies are thus very effi-

cient, even if there is a large drop from in-
put to output. Switchers (slang for "switch-
ing power supplies") can generate output

voltages higher than the unregulated in-

put, as in Figure 6.39B; they can just as
easily generate outputs opposite in polar-
ity to the input! Finally, switchers can be
designed with no dc path from input to

output; that means they can run directly
from the rectified power line, with no ac
power transformer! The result is a very

small, lightweight, and efficient dc supply.
For these reasons, switching supplies are

used almost universally in computers.
Switching supplies have their problems,

too. The dc output has some switching

"noise," and they can put hash back onto
the power line. They used to have a bad
reputation for reliability, with occasional
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spectacular pyrotechnic displays during
episodes of catastrophic failure. Most of

these problems have been solved, however,
and the switching supply is now firmly
entrenched in electronic instruments and

computers.

In this section we'll tell you all about
switching supplies, in two steps: First,

we'll describe the basic switching regulator,
operating from a conventional unregulated

dc supply. There are three circuits, used

for (a) step-down (output voltage less than
input), (b) step-up (output voltage greater
than input), and (c) inverting (output
polarity opposite to input). Then we'll

take a radical step, describing the heretical
(and most widely used!) designs that run
straight from the rectified ac power line,
without an isolation transformer. Both

kinds of power supplies are in wide use,
so our treatment is practical (not just
pedagogically pleasing). Finally, we'll give
you plenty of advice on the subject: When
to use switchers, when to avoid them;

when to design your own, when to buy
them. With characteristic overstatement,

we won't leave you in any doubt!

III Step-down regulator

Figure 6.40 shows the basic step-down (or

"bucking")switching circuit, with feedback
omitted for simplicity. When the MOS
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Figu1e 6.40. Step-down switcher.

switch is closed, Vent—Vin is applied across
the inductor, causing a linearly increas-

ing current (recall dI/dt = V/L) to flow
through the inductor. (This current flows

to the load and capacitor, of course.) When
the switch opens, inductor current con—
tinues to flow in the same direction (re-

member that inductors don‘t like to change
their current suddenly, according to the

last equation), with the “catch diode" now

gate voltage

input curr

induc curr 0M
Vow:

point ”x" 0_ I I I I I I %
output voltage —0—

Figure 6.4l

conducting to complete the circuit. The
output capacitor acts as an energy "fly-
wheel," smoothing the inevitable sawtooth
ripple (the larger the capacitor, the less the

ripple). The inductor current now finds

fixed voltage Km— 0.6V across it, causing
its current to decrease linearly. Figure 6.41
shows the corresponding voltage and cur—
rent waveforms. To complete the circuit as

a regulator, you would of course add feed—

back, controlling either the pulse width
(at constant pulse repetition rate) or the

repetition rate (with constant pulse width)
from an error amplifier that compares the

out _ut volta re with a reference.
1gure 6. shows a low-current + 5 volt

regulator using the MAX638 from Maxim.
This nice chip gives you a choice of
fixed +5 volt output (no extemal divider

needed) or adjustable positive output, with
external resistive divider. It includes near-

ly all components in a convenient mini-

DlP package. In the MAX638 the oscil-
lator runs at a constant 65kHz, with the

error amplifier either permitting or cut—

ting off gate drive pulses, according to the
output voltage. The circuit shown gives

about 85% efficiency, pretty much indepen-

dent of the input voltage. Compare that
with a linear regulator by doing the next
problem:

EXERCISE 6.8

What is the maximum theoretical efficiency of
a linear (series pass) regulator, when used to
generate regulated +5 volt from a +12 volt
unregulatedinput?

EXERCISE 6.9

What does a step-down regulator's high effi-
ciency imply about the ratio of output current to
input current? What is the corresponding ratio
of currents, tor a linear regulator?

III Step-up regulator; inverting regulator

Apart from its high efficiency, the step-

down switching regulator of the previous
paragraph has no significant advantage
(and some significant disadvantages - com-
ponent count, switching noise) over a lin-

ear regulator. However, when there is a

need for an output voltage greater than the

unregulated input, or for an output volt-

age of opposite polarity to the unregulated
input, switching supplies become very at-

tractive indeed. Figure 6.43 shows the ba—

sic step-up (or "boosting") and inverting
(sometimes called "flyback") circuits.
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+ 15V in
(from car
battery)

MAXEES

We showed the step-up circuit of Figure

6.39A earlier, in comparison with the
linear regulator. The inductor current

ramps up during switch conduction (point

X near ground); when the switch is turned

off, the voltage at point X rises rapidly as

the inductor attempts to maintain constant
current. The diode turns on, and the

inductor dumps current into the capacitor.
The output voltage can be much larger
than the input voltage.

EXERClSE 6.10

Drawwaveiorms for the step-up switcher, show-

ing voltage at point X, inductor current, and
output voltage.

EXERCISE 6.11

Why can't the step-up circuit be used as a step-
down regulator?

The inverting circuit is shown in Figure

6.43B. During switch conduction, a lin-
early increasing current flows from point
X to ground. To maintain the current
when the switch is open, the inductor pulls

point X negative. as much as needed to
maintain current flow. Now, however, the

current is flowing into the inductor from
the filter capacitor. The output is thus neg-

ative, and its average value can be larger

or smaller in magnitude than the input (as
determined by feedback); in other words,
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Figure 6.42. Lew-power +5 volt switching
regulator,

the inverting regulator can be either step—

up or step-down.

1 V“, i> V..l

 
6

Figure 6.43. Two switching-element
configurations.
A. Step-up ("boost").
B. Inverting.

EXERCISE 6.12

Draw waveforms tor the inverting switcher,
showing voltage at point X , inductor current,
and output voltage.

Figure 6.44 shows how you might use
low-power switching regulators to gener-

ate ilS volt op-amp supply voltages from

a single +12 volt automotive battery, a

trick that is impossible with linear regu-
lators. Here we've again used low—power
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fixed-output [Cs from Maxim, in this case

the step-up MAX633 and the invert-
ing MAX637. The external components
shown were chosen according to the manu—
facturer's data sheets. They're not crit—

ical, but, as always in electronic design,
there are trade-offs. For example, a lar-
ger value of inductor lowers the peak
currents and increases the efficiency, at
the expense of maximum available out-

put current. This circuit is rather in-
sensitive to input voltage, as long as it

doesn't exceed the output voltage, and will

work all the way down to +2 volts
input, with greatly reduced maximum out-
put current.

.__.__.___.__“

199a

SDOfiH :1: 20v

Figure 6.44. Dual-polarity switching
_ power supply.

Before leaving the subject of invert-
ing and step-up regulators, we should
mention that there is one other way
to accomplish the same goal, namely
with "flying capacitors." The basic idea
is to use MOS switches to (a) charge a
capacitor from the dc input, and then
(b) change the switches to connect the

now-Charged capacitor in series with

another (step—up), or with reversed polar-
ity across the output (inverting). Flying-
capacitor voltage converters (e.g., the pop—

ular 7662) have some advantages (no

inductors) and some disadvantages (low
power, poor regulation, limited voltage).
We'll discuss them later in the chapter.
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General comments on switching
regulators

As we've seen, the ability of switchers to

generate stepped—up or inverted outputs
makes them quite handy for making, say,
low—current $12 volt supplies on an other—

wise all-digital +5 volt circuit board.
You'll often need such bipolarity supplies
to power "serial ports" (more in Chapters

10 and 11) or linear circuitry using op-

amps or AID (analog-to-digital) and D/A
(digital-to-analog) converters. Another

good use for step-up switchers is to power
displays that require relatively high volt—
age, for example using fluorescent or plas—

ma technology. In these applications,

where the dc input (typically +5V) is al-

ready regulated, you often use the phrase
“dc-to—dc converter," rather than "switch-

ing regulator, " although it's really the same

circuit. Finally, in battery-operated equip-
ment you often want high efficiency over a
wide range of battery voltage; for example,

a 9 volt alkaline "transistor" battery begins

life at about 9.5 volts, dropping steadily
to about 6 volts at the end of its useful

life. A +5 volt low-power; step-down reg-
ulator maintains high efficiency, with cur-

rent step—up over most of the battery‘s life.

Note that the inductor and capacitor in
a switching regulator are not functioning

as an LC filter. In the simple step—down
regulator, that might seem to be true, but

obviously a circuit that inverts a dc level
is hardly a filter! The inductor is a loss-

less energy—storage device (stored energy =

éLIZ), able to transform impedance in
order to conserve energy. This is an accu-
rate statement from a physicist's point of

View, in which the magnetic field contains
stored energy. We're more used to think—
ing of capacitors as energy storage devices

(stored energy = éCVZ), which is their
role in switching supplies, as in conven-
tional series regulators.

A bit of nomenclature: You sometimes

see the phrases "PWM switch—mode
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regulator" and "current-mode regulator."
They refer to the particular way in which
the switching waveform is modified ac—

cording to the feedback (error) signal. In
particular, PWM means pulse-width mod-
ulation, in which the error signal is used
to control the conduction pulse width (at
fixed frequency), whereas in current-mode

control the error voltage is used to control
the peak inductor current (as sensed by a
resistor) via width on a pulse—by—pulse ba—

sis. Current—mode regulators have some
significant advantages and are becoming
more popular now that good current-mode
controller ICs have become available.

Keep in mind, when considering any
switching supply, the noise generated by
the switching process. This takes three

forms, namely (a) output ripple, at the
switching frequency, typically of order
lOmV—lOOmV peak-to-peak, (b) ripple,

again at the switching frequency, impressed

onto the input supply, and (c) radiated

noise, at the switching frequency and its
harmonics, from switching currents in the

inductor and leads. You can get into plenty
of trouble with switching supplies in a cir-
cuit that has low—level signals (say lOOuV

or less). Although an aggressive job of
shielding and filtering may solve such prob-
lems, you're probably better off with linear
regulators from the outset.

Line-powered switching supplies

As we have seen, switching supplies have
high efficiency even when the output volt-

age is nowhere near the input voltage. It
may help our understanding to think of
the inductor as an "impedance converter,"

since the average dc output current can
be larger (step—down) or smaller (step—up)
than the average dc input current. This is
in stark contrast to linear series regulators,

where the average values of input and out—

put currents are always equal (ignoring the
quiescent current of the regulator circuitry,
of course).
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This leads to a radical idea: We could

eliminate the heavy 60Hz step-down trans-

former if we ran the regulator directly

from rectified (unregulated) and filtered ac
power. Two immediate comments: (a) The
dc input voltage will be approximately 160
volts (for 115V ac power) — this is a danger—
ous circuit to tinker with! (b) The absence

of a transformer means that the dc input is
not isolated from the power line. Thus, the
switching circuit itself must be modified to

provide isolation.
The usual way to isolate the switching

circuit is to wind a secondary onto the

energy—storage inductor and use an isola-
tion device (either transformer or opto—
isolator) to couple the feedback to the

switching oscillator; see the simplified

block diagram in Figure 6.45. Note that
the oscillator circuitry is powered from the

high—voltage unregulated dc, whereas the
feedback control circuitry (error amplifier,

reference) is powered from the regulated

dc output. Sometimes an auxiliary low-
current unregulated supply (with its own

60Hz low-voltage transformer) is used to
power the control elements. The box la-
beled "isolation" is often a small pulse

transformer, although optical isolation can
also be used (more on this later).

6.19 Switching regulators and dcdc converters

It might seem as if the advantage of a
transformerless unregulated supply is more

than overcome by the need for at least two
other transformers! Not so. The size of a

transformer is determined by the core size,
which decreases dramatically at high fre—
quencies. As a result, line—powered switch—
ing supplies are much smaller and lighter
than the equivalent linear supply; they also
run cooler, owing to higher efficiency. For

example, Power-One manufactures both

kinds of supplies. Comparing their model

F5-25 (5V, 25A) linear supply with their
comparably priced SPL130-1005 (5V, 26A)

switcher, we find that the switcher weighs

2.5 pounds, compared with 19 pounds for
the linear, and occupies just one—fourth the
volume. Furthermore, the switcher will

run cool, while the 19—pound linear will
run hot, dissipating up to 75 watts at full
load.

El Real-world switcher example

In order to give you a feel for the real com-

plexity of line-powered switching supplies,
we've reproduced in Figure 6.46 the com-
plete schematic of a commercial switcher,

in fact the power supply used by Tandy

 
Figure 6.45 . Direct ac-line-pnwered switching supply.
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Figure 6.46. Switching power supply used in the Tandy model 2000 personal computer. Feedback
from the +5 volt output is provided Via opto-isolator [fag-U23. (Courtesy of Tandy Corporation.
Copyright 1984.)
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(Radio Shack) to power their model 2000
personal computer. (We tried to get power-

supply schematics from both 18M and Ap-

ple, but were ignored or haughtily rebuffed.
Tandy, by comparison, publishes excellent
documentation, with complete schematics
and extensive circuit description.) It pro—

vides regulated outputs of +5 volts at 13

amps, +12 volts at 2.5 amps, and —12
volts at 0.2 amp (95W total), which are

used to power the logic circuits and floppy-
disk drives in the computer.

Let's take a walk through Figure 6.46 to
see how a line-powered switcher copes with

real—world problems. The circuit topol—

ogy chosen by Tandy's designers is pre-

cisely that shown in Figure 6.45, though
there are a few more components! Be-

gin by comparing the figures: The line-

powered bridge rectifier (3R1) charges f1]-

ter capacitors C39, C31, C32, and C40 (12
is not a transformer — note the connec—

tions — but rather an interference filter).

The charged capacitors are switched across
the transformer primary (pins 1 and 3)

by power transistor (25, whose switching
waveform (a fixed-frequency square wave
of variable pulse width) is provided by

lC U3 (a "PWM switch-mode regulator").

The secondary winding (there are actually

three windings, one for each output volt—
age) is half-wave-rectified to generate the
dc output: The +12 volts are produced

by CR2 from the 7—tum winding of pins
11 and 18, the —12 volts by CR4 from
the 5-turn winding of pins 13 and 20, and
the +5 volts by the paralleled combination

of CR” and CR“, each powered from its
own (2-turn!) winding.

With multioutput switchers, only one

output can be used for voltage-regulating
feedback. It is conventional to use the

+5 volts logic supply for this purpose, as

Tandy has done here: R10 selects a fraction

(nominally 50%) of the +5 volt output

to compare with U4’s internal +2.5 volt

reference, turning on photodiode 02;. if
the output is too high. This photodiode
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couples optically to phototransistor Ugh,

which varies the pulse width of U3 to

maintain +5 volts output. Thus the block
labeled "isolation" in Figure 6.45 is an
opto-coupler (see Section 9.10).

At this point we have accounted for per—

haps 25% of the components in Figure
6.46. The rest are needed to cope with

problems such as (a) short—circuit protec—
tion, (b) overvoltage and undervoltage
shut-down, (c) auxiliary power for the reg-
ulating circuitry, (d) ac power filtering, and
(e) linear post-regulation of the (tracking)

:1: 12 volt supplies. Let's explore the circuit
in some more detail.

Beginning at the ac line input, we find

four capacitors and a series inductor pair,
together forming an RFI filter. It's always

a good idea, of course, to clean up the ac
power entering an instrument (see Section

6.11); here, however, the careful filtering
is additionally needed to keep radiofre—

quency hash generated inside the machine
(mostly from the switching action in the
power supply) from radiating out through
the power line. Note next the optional

jumper at EgEg, which converts the in-
put from full-wave bridge (jumper open)
to full-wave doubler (jumper shorted);

manufacturers who wish to export their

electronic wares must provide 1101220 volt
compatibility, which is remarkably simple
in the case of switching supplies.

Thermistors RT1 and RT; are used to

limit the high inrush current when the sup—

ply is first switched on, at which point
the power line sees a few hundred micro-
farads of uncharged capacitor. Without
the thermistors (or some other trick) the

inrush current can easily exceed 100 am-
peres! The thermistors provide an ohm or
two of series resistance, dropping to near
zero when they warm up. Even with ther—
mistors, the inrush current is impressive:

The power supply has a specified "Input
Surge Current" of 70 amps, maximum.

The IOOHH series inductors L5 and L7

in the unregulated supply further clean



THREE—TERMINAL AND FOUR—TERMINAL REGULATORS

6.19 Switching regulators and dc-dc converters 365
 

up transmitted switching hash, and the
82k shunt resistors (R35 and R46) are

"bleeders," to make sure the power—supply
filter capacitors discharge fully after power

is turned off. Some additional passive

"snubber" components (C33, 039, and
R45) are used to damp the large voltage
spikes that otherwise might destroy the

switching transistor Q15. CRu’s function
is more subtle — it cleverly returns unused

transformer energy to filter capacitors 030
and Chg.

Moving down the page, we encounter

some real trickery, namely the "auxiliary
supply." The circuits need some low-

voltage, low—current dc to run the PWM
controller chip and associated circuits.

One possibility is to use a separate little

linear supply, with its own line-powered
transformer, etc. However, the temptation

is overwhelming to hang another small

winding (with half-wave rectifier) on T1,
thus saving a separate transformer. That's

what the designer has done here, with a

4-turn winding (pins 9 and 10), rectified

and filtered by CR9 and C37. This simple
supply generates a nominal 15 volt output.

Sharp-eyed readers will have noticed a
flaw in this scheme: The circuit cannot

start itself, since the auxiliary power is only
present if the supply is already running!

This turns out to be an old problem:
Designers of television sets love to play
the same trick, deriving all their low-

voltage supplies from auxiliary windings
on the high-frequency horizontal drive
transformer. The solution is the so-called

kick—start circuit, in which some of the

unregulated dc is brought over to start
the circuit; once going, the supply keeps

itself going from its transformer-derived
dc power. In this circuit the kick—start

comes Via R42, which begins charging up
037 at power-on. Nothing happens until

the capacitor reaches a diode drop above

CRlo’s zener voltage, at which point the
SCR—like combination of Q10 and Q11
is switched into conduction (figure out

how that works), dumping 037’s charge
across C23, thus momentarily powering the

control circuitry (U3 and all components to
its left). Once the oscillation starts, CR9

provides 15 volts with enough current to
power the control circuitly continuously
(which R42 cannot do).

Most of the components surrounding
U3 pander to its needs (027 and R37, for
example, set the pulse repetition rate at

25kHz). At the input side, Ugh provides
overall feedback to maintain the output
at +5 volts, as described earlier. Q8
and Q9 are another SCR—like latch, this

time triggered to shut down the oscillator
(and the series latching switch QmQ“)
if driver (915's emitter current (sensed

by R44) is excessive, for example if the
power supply sees a short-circuit load. The

series combination 1243025 provides a lus
time constant so that the circuit is not

tliggered by switching spikes. The shut-

down circuitry also derives an input from

divider R2539... quenching oscillation if
the ac input drops below 90 volts ac. At

the output side of the controller U3, Q12 -

Q14 provide high-current push-pull drive
to £2153 base from the single-ended on-
chip npn driver transistor (figure out how).

Note the “IC loop," an accessible length
of wire in Q15's collector, which lets you
observe the current waveform on a 'scope

by using a clip-on current probe (see, for
example, the Tektronix catalog).

Things are considerably simpler on the
output side of T1. The +5 volt supply uses

paralleled power Schottky diodes (01213

and CR“) for fast recovery and low for-
ward drop (the MBR3035PT is rated at
30A average current with ZOkHz drive,
35V reverse breakdown, and 0.5V typical
forward drop at 10A), with "snubber net—

works" (109/0.01uF) to protect the diodes
from high-voltage spikes. The “fir-section“

lilter consists of 8800/.LF of input capa-
citance, a 3.5;}.H series inductor, and

a 2200;4F output capacitor. (The lower-
current 112V outputs also use half-wave
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Schottky rectifiers and n-section filters.
with smaller—valued components.) This
degree of filtering might seem extreme by

linear regulator standards, but remem-
ber that there is no post-regulation - what

comes out of the filter is the "regulated
dc" — therefore lots of filtering is needed to
reduce ripple, predominantly at the switch—
ing frequency, to the requisite zSOmV or
so at the output.

The +5 volt output is sensed via di—

vider RngRu, driving TI’s TL431 “3-
terminal zener" (U4), which, in combina-

tion with a few resistors and capacitors

for feedback compensation, provides iso-
lated feedback via opto—coupler‘ Uhh- The

+5 volt output is also sensed, via ngfllg,
to trigger the overyoltage—sensor 1C (U1:

Hum], = +2.5V); the latter drives the gate

of SCR Q6, which crowbars the +12 volt
supply, shutting things down via current
limiting in the primary side, as described
earlier. U1 is also wired to sense an un—

dervoltagecondition, via its dedicated aux-
iliary power from CR5 and 019; the under-

voltage signal (a saturated npn transistor
to ground) is sent to the microprocessor,
alerting the system to imminent power fail-

ure so that the program can be brought to
an orderly shut—down during the few re-

maining milliseconds without loss of data.

The power-supply designers used a bit
of trickery to improve regulation in the
:l:12 volt supplies, which otherwise ride
virtually open-loop on what is basically a
+5 volt supply. For the +12 volt supply

they used the +5 volt output as a refer-

ence for error amplifier Q2, which controls
a "magnetic amplifier." The latter consists
of series saturable reactor L3, provided
with an opposing "reset current" via Q1.
The reset current determines how many
volt-seconds the inductor will block before

reaching the state of magnetic saturation,

in which it acts as a good conductor. A
magnetic amplifier deserves its name,
because a small control current modifies a

large output current. Mag-amp controllers
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are available as complete integrated cir—
cuits, for example the UC3838 from
Unitrode.

For the lower-current —12 volt supply

the designers opted for the simpler
solution of a linear 7912-type post-

regulator, complete with diodes for protec-
tion against reverse polarity. Throughout,

the designers have used bypass capacitors
and bleeders on the dc outputs.

This power—supply circuit illustrates

most of the details that seldom get men—
tioned in textbooks, but are essential in the

real world. The extra component count in

this circuit pays handsomely in ensuring

a power supply that is robust under field

conditions. Although this extra care in de-

sign might appear to be a display of unnec-

essary compulsiveness, in fact it is hard-
nosed cost-effectiveness — each field failure

under warranty costs the manufacturer at
least a hundred dollars in real shipping and

repair costs, not to mention the tarnished

reputation produced by persistent failure.

General comments on line-p0wered
switching power supplies

1. Line—powered switchers (also called "off—

line" switchers, though we don‘t like the
term) make excellent high—power supplies.

Their high efficiency keeps them cool, and
the absence of a low-frequency transformer
makes them considerably lighter and
smaller than the equivalent linear supply.

As a result, they are used almost exclu-
sively to power computers, even desktop
personal computers. They are finding their

way into other portable instruments, too.
even such noise-sensitive applications as
oscilloscopes.

2. Switchers are noisy! Their outputs
have tens of millivolts of switching ripple

at their outputs, they put garbage onto

the power line, and they can even scream

audiblyl One cure for output ripple, if

that's a problem, is to add an external high-
current LC low-pass filter; alternatively,
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you can add a low—dropout linear post-

regulator. Some dc-dc converters include
this feature, as well as complete shielding
and extensive input filtering.

3. Switchers with multiple outputs are
available and are popular in computer sys-

tems. However, the separate outputs are

generated from additional windings on a
common transformer. Typically, feedback
is taken from the highest current output

(usually the +5V output), which means
that the other outputs are not particularly
well regulated. There is usually a “cross-
regulation" specification, which tells, for
example, how much the +12 volt output,

say, changes when you vary the load on the

+5 volt output from 75% of full load to

either 50% or 100% of full load; a typical

cross-regulation specification is 5%. Some
multiple-output switchers achieve excellent

regulation by using linear post-regulators
on the auxiliary outputs, but this is the
exception. Check the specs!

4. Line-powered switchers may have a
minimum load current requirement. If

your load—current may drop below the

minimum, you'll have to add some re—
sistive loading; otherwise the output may
soar or oscillate. For example, the +5

volt, 26 amp switching supply above has
a minimum load current of 1.3 amps.

5. When working on a line-powered

switcher, watch out! Many components are

at line potential and can be lethal. You

can't clip the ground of your scope probe
to the circuit without catastrophic conse—
quences.

6 When you first turn on the power, the
ac line sees a large discharged electrolytic

filter capacitor across it (through a diode
bridge, of course). The resulting "inrush"
current can be enormous; for our Power

One switcher it's specified as 17 amps,
maximum (compared with a full-load in-

put current of 1.6A). Commercial switch-

ers use various "soft—start" tricks to keep
the inrush current within civilized bounds.

One method is to put a negative-tempco

resistor (a low—resistance thermistor) in

series with the input; another method is

to actively switch out a small (1012) series
resistor a fraction of a second after the

supply is turned on.

7. Switchers usually include overvoltage
"shut-down" circuitry, analogous to our
SCR crowbar circuits, in case something
goes wrong. However, this circuit often
is simply a zener sensing circuit at the
output that shuts off the oscillator if the

dc output exceeds the trip point. There are
imaginable failure modes in which such a
"crowbar" wouldn't crowbar anything. For

maximum safety you may want to add an
autonomous outboard SCR—type crowbar.

8 Switchers used to have a bad reputation
for reliability, but recent designs seem

much better. However, when they decide
to blow out, they sometimes do it with

great panache! We had one blow its guts
out in a "catastrophic deconstruction,"

spewing black crud all over its innards and
innocent electronic bystanders as well.
9. Line-powered switchers are definitely
complex and tricky to design reliably. You

need special inductors and transformers
(and lots of them; Fig. 6.46). Our advice
is to avoid the design phase entirely, by

buyng what you need! After all, why
build what you can buy?
10. A switching supply presents a peculiar

load to the power line that drives it. In par—
ticular, an increase in line voltage results in

a decrease in average current, because the
switcher operates at roughly constant effi—
ciency: That's a negative resistance load
(averaged over the 60Hz wave), and it can
cause some crazy effects. If there's a lot of

inductance in the power line, the system
may oscillate.

Advice

Luckily for you, we're not bashful about
giving advice! Here it is:

1. For digital systems, you usually need +5
volts, often at high current (10A or more).

0317

367



368
VOLTAGE REGULATORS AND POWER CIRCUITS

Chapter 6

Advice: (a) Use a line-powered switcher.
(b) Buy it (perhaps adding filtering, if
needed).

2. For analog circuits with low—level signals
(small-signal amplifiers, signals less than

IOOpV, etc.). Advice: Use a linear regula-
tor; switchers are too noisy — they will ruin

your life. Exception: For some battery—
operated circuits it may be better to use
a low-power dc-dc switching converter.

3. For high-power anything. Advice: Use a
line-powered switcher. lt's smaller, lighter,
and cooler.

4. For high-voltage, low-power applica—

tions (photomultiplier tubes, flash tubes,

image intensifiers, plasma displays). Ad-
vice: Use a low—power step—up converter.

In general, low—power dc—dc converters

are easy to design and require few com—

ponents, thanks to handy chips like the
Maxim series we saw earlier. Don't

hesitate to build your own. By contrast,
high-power switchers (generally line-
powered) are complex and tricky and ex—
tremely trouble-prone. If you must design
your own, be careful, and test your design
very thoroughly. Better yet, swallow your

pride and buy the best switcher you can
find.

SPECIAL—PURPOSE POWER—SUPPLY
CIRCUITS

[I 6.20 High-voltage regulators

Some special problems arise when you de-
sign linear regulators to deliver high volt-
ages. Since ordinary transistors typically
have breakdown voltages of less than 100
volts, supplies to deliver voltages higher
than that require some clever circuit trick-

ery. This section will present a collection
of such techniques.

[I Brute force: high-voltage components

Power transistors, both bipolar and
MOSFET, are available with breakdown
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voltages to 1000 volts and higher, and
they‘re not even very expensive. Moto—

rola's M] 12005, for example, is an 8 amp
npn power transistor with conventional

(VCEO) collector-to-emitter breakdown
of 750 volts, and base back—biased break—

down (VCEX) of 1500 volts; it costs less

than 5 dollars in single quantities. Their
MTPlNlOO (similar to the European BUZ-
50) is a 1 amp n-channel power MOSFET
with 1000 volt breakdown and a price tag
of a few dollars. Power MOSFETS in

particular are often excellent choices for
high—voltage regulators, owing to their

excellent safe operating area (absence of
thermally induced second breakdown).

By running the error amplifier near

ground (the output-voltage-sensing divider
gives a low-voltage sample of the output),

you can build a high-voltage regulator with
only the pass transistor and its driver see-
ing high voltage. Figure 6.47 shows the

idea, in this case a +100 to +500 volt reg—
ulated supply using NMOS pass transistor
and driver. Q; is the series pass transistor,

driven by inverting amplifier Q1. The op-
amp serves as error amplifier, comparing
an adjustable fraction of the output with a

precision +5 volt reference. Q3 provides
current limiting by shutting off drive to Q2

when the drop across the 33 ohm resistor

equals a VBE drop. The remaining com-
ponents serve more subtle, but necessary,
functions: The diode protects Q2 from
reverse gate breakdown if Q1 decides to
pull its drain down rapidly (while the out-

put capacitor holds up Qz’s source). The
various small capacitors in the circuit

provide compensation, which is needed

because Q1 is operated as an inverting
amplifier with voltage gain, thus making

the op—amp loop unstable (especially con—
sidering the Circuit‘s capacitive load). This
circuit is an exception to the general rule

that transistor circuits do not present a
shock hazard!

We can't resist an aside here: In slightly
modified form (reference replaced by
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Figure 6.47. High-voltage regulated supply.

signal input) this circuit makes a very nice

high-voltage amplifier, useful for driving

crazy loads such as piezoelectric transduc-
ers. For that particular application the cir-
cuit must be able both to sink and to source

current into the capacitive load. Oddly

enough, the circuit acts like a “pseudo—
push-pull" output, with Q2 sourcing cur-

rent and Q1 sinking current (via the diode),
as needed; see Section 3.14.

If a high-voltage regulator is designed to
provide a fixed output only, the pass tran—
sistor may have a breakdown voltage less
than the output voltage. in the preceding

circuit, replacing the voltage-adjustment
resistors with a fixed 12.4k resistor results

in a fixed +500 volt regulator. A 300
volt pass transistor will then be fine, pro—
vided that the circuit ensures that the volt—

age across it never exceeds 300 volts, even

during tum—on, tum—off, and output short—
circuit conditions. The latter condition

presents a challenge, but bridging Q2 with

{ETD zero

0:
MTP1 N1 00

an output cap
'prnduces note
for camp

curr limit

Va...
+ 100v m
‘ SODV‘

470 for low 2mh

50k } at his freq

a 300 volt zener may solve the problem.

If the zener can handle high current, it
can also protect the pass transistor against

short-circuit loads, if suitable fusing is pro-
vided ahead of the regulator. The active
zener circuit mentioned in Section 6.06

would be a good choice here.

|:| Regulating the ground return

Figure 6.48 shows another way to regu-
late high voltages with low-voltage com-

ponents. Q1 is a series pass transistor,
but it is connected in the low side of the

supply; its "output" goes to ground. It
has only a fraction of the output voltage

across it, and it sits near ground, simplify—
ing the driver circuitry. As before, pro—

tection must be provided during on/off
transients and overloads. The simple

zener protection shown is adequate, but
remember that the zener must be able to
handle the full short-circuit current.

0319
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 +500vuhs
. + dc output

Figure 6.48. Regulating the ground return.

[I Lifting the regulator above ground

Another method sometimes used to extend

the voltage range of regulators, including
the simple 3—terminal type, is to raise the

common terminal off ground with a zener

(Fig. 6.49). In this circuit D1 adds

 
Figure 6.49

its voltage to the normal output of the

regulator. D2 sets the drop across the

regulator via follower Q1 and provides
protection during short Circuit because
of D3.
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El Optically coupled transistor

There is another way to handle the prob-

lem of transistor breakdown ratings in
high-voltage supplies, especially if the pass
transistor can be a relatively low voltage
unit because of fixed (known) output volt—
age. In such cases only the driver transistor
has to withstand high voltage, and even
that can be avoided by using optically cou-
pled transistors. These devices, which we
will talk about further in connection with

digital interfacing in Chapter 9, actually
consist of two units electrically isolated

from each other: a light-emitting diode
(LED), which lights up when current flows

through it in the forward direction, and
a phototransistor (or photo—Darlington)

mounted in close proximity in an opaque
package. Running current through the
diode causes the transistor to conduct. just
as if there were base current. As with

an ordinary transistor, you apply collector
voltage to put the phototransistor in the
active region. In many cases no separate

base lead is actually brought out. Optically

coupled devices are typically insulated to
withstand several thousand volts between

input and output.

Figure 6.50 shows a couple of ways to

use an optically coupled transistor in a
high-voltage supply. In the first circuit,

phototransistor Q2 shuts off pass transistor
Q3 when the output rises too high. In the

second version, for which only the pass-
transistor circuitry is shown. phototransis-
tor Q2 increases the output voltage when
driven, so the error-amplifier inputs should

be reversed. Both circuits generate some
output current through the pass-transistor

biasing circuit, so some load from output

to ground is needed to keep the output
voltage from rising under no-load condi-

tions. The output-sensing voltage divider
can do the job, or a separate "bleeder"
resistor can be connected across the out—

put, which is always a good idea anyway
in a high—voltage supply.



SPECIAL—PURPOSE POWER-SUPPLY CIRCUITS

+HV (unregulated) m

+HV out

 
Figure 6.50. Opto-isolated high-voltage
regulator.

El Floating regulator

Another way to avoid applying large volt—
ages to the control components of a high—
voltage power supply is to "float" the
control circuitry at the pass-transistor

potential, comparing the drop across its
own voltage reference with the drop down

to ground. The excellent MCl466 reg—
ulator chip is intended for this kind of
application, which normally requires an
auxiliary low-current floating power supply

6.20 Higm-voltage regulators

to provide dc (20—30V) for the chip itself.
The output voltage is limited only by the
pass transistors and the isolation (trans-
former insulation breakdown voltage) of
the auxiliary supply. The MCl466 features

very good regulation and precise current-
limiting circuitry and is well suited for
accurate "laboratory" power supplies. A
warning, however: The MCl466, unlike
more recent regulator designs, does not
include on-chip thermal protection.

An elegant way to rig up a floating regu—

lator is provided by the LM 10 op—amp plus
voltage-reference combination, a remark-

able breakthrough in chip technology from
the legendary Widlar (see Section 4.13)
that will operate from a single 1.2 volt sup-

ply. Such a chip can be powered from
the base-emitter drop of a Darlington pass
transistor! Figure 6.51 shows an example.

If you like analogies, think of a giraffe who

measures his height by looking at the dis-
tance to the ground, then stabilizes it by
craning his neck accordingly. The TL783
from Texas Instruments is a 125 volt IC

regulator that works this way; for lower-

current applications it replaces the discrete
circuitry of Figure 6.51.

[I Transistors in series

Figure 6.52 shows a trick for connecting
transistors in series to increase the break-

down voltage. Driver Q1 drives series-
connected transistors Q2 — Q4, which share

the large voltage from Qg’s collector to the

output. The equal base resistors are chosen
small enough to drive the transistors to full
output current. The same circuit works
with MOSFETs as well, but be sure to

provide reverse-gate-protection diodes, as
shown (you don't have to wony about
forward gate breakdown, because the

MOSFETs should turn on vigorously long

before gate-channel breakdown). Note that

the bias resistors produce some output cur-
rent even when the transistors are cut off,
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Figure 6.5 l. High-voltage floating regulator.
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MOSFET

alternative

 
Figuie 6.52. Connecting transistors in series to
raise breakdown voltage.

so there must be a minimum load to ground
to prevent the output from rising above its
regulated voltage. It’s often a good idea

to parallel the divider resistors with small

capacitors, as indicated, in order to main—
tain the divider action at high frequencies;
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Series—connected transistors can,

course, be used in circuits other than power
supplies. You'll sometimes see them in
high-voltage amplifiers, although the avail-
ability of high-voltage MOSFETS often
makes it unnecessary to resort to the series
connection at all.

In high voltage circuits like this, it's easy

to overlook the fact that you may need
to use 1 watt (or larger) resistors, rather

than the standard 21 watt type. A more
subtle trap awaits the unwary, namely the
maximum voltage rating of 250 volts for

standard % watt composition ("carbon")
resistors, regardless of power dissipation.
Carbon resistors run at higher voltages
show astounding voltage coefficients, not
to mention permanent changes of resis-
tance. For example, in an actual measure-
ment (Fig. 6.53) a 100021 divider (lOMeg,

10k) produced a division ratio of 775:1

(29% error!) when driven with lkV; note
that the power was well within ratings. This
non-ohmic effect is particularly important

in the output—voltage—sensing divider of
high—voltage supplies and amplifiers —
beware! Companies like Victoreen make

resistors in many styles designed for high-
voltage applications like this.

[I Regulating the input

Another technique sometimes used in
high-voltage supplies, particularly those

intended for low currents, is to regulate
the input rather than the output. This is

usually done with high-frequency dc—to-dc
switching supplies, since attempting to reg-
ulate the 60Hz ac input will result in poor

regulation and plenty of residual ripple.

Figure 6.54 shows the general idea. T1 and
associated circuitry generate unregulated
dc at some manageable voltage, say 24
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Figure 6.53. Carbon composition resistorsexhibit a reductlon in res1stance above 250
volts.

volts; alternatively, batteries might provide

the dc input. This powers a high-frequency
square-wave power oscillator, with its out-

put full-wave-rectified and filtered. This

 
Figure 6.54. High-voltage switching supply.

6.20 High-voltage regulators

filtered dc is the output, a sample of which

is fed back to control the oscillator's duty
cycle or amplitude in response to the
output voltage. Since the oscillator runs
at high frequency, the response is rapid,
and its rectified waveform is easy to filter,
especially since it is a full-wave-rectified
square wave. T2 must be designed for
high-frequency operation, since ordinary

laminated-core power transformers will
have excessive core losses. Suitable trans-

formers are built with iron powder, fer-

rite, or "tape-wound" toroidal cores and
are much smaller and lighter than con—
ventional power transformers of the same
power rating. No high-voltage components

are used, except, of course, for the output

bridge rectifier and capacitor.

The astute reader may experience a

sense of déjc‘l vu while reading the last
paragraph. In fact, it describes switching

regulators (Section 6.19) in nearly all
respects. The one significant difference is
that switching supplies usually use induc-

tors as energy-storage devices, whereas the
input-regulated high-voltage supply uses

T2 as a "normal" (albeit high-frequency)
transformer. In common with switching
supplies, these high—voltage supplies dis—
play high—frequency ripple and noise.

square wave

regulated
dc output
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Video flyback supplies

A variation on the conventional fly-

back switching regulator (Fig. 6.43A) is
commonly used to generate the high dc

voltages (lOkV or more) needed in tele-

vision and cathode-ray-tube (CRT) video

displays. As we'll see, this circuit is
especially clever, because it also generates
the horizontal sweep signal used to drive
the deflection coils.

*SIJV
HOW

  

Figure 6.55. Video flyback high—voltage supply.

The basic idea is to use a transformer

with a large turns ratio, driving the pri-
mary with a saturated transistor, just like a

conventional flyback circuit. The output is
taken from the secondary, rectified to gen-

erate high-voltage dc; see Figure 6.55. Q1
is driven by wide pulses, pulling the pri-

mary to ground. It may be self-excited or

driven by an oscillator. D1 is a "damper"

diode that prevents Ql’s collector from

rising too high during the flyback. D2,
connected to the high—voltage secondary
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winding, rectifies the output, typically
lOkV—20kV at a few microamps. The cir—

cuit is operated at frequencies of lSkHz
or more, which means that filter capaci—
tor Cl can be as small as a few hundred

picofarads (check this for yourself, by
calculating the ripple).

Note that the collector-current wave-

form is a linearly rising ramp, which is
often used to drive the magnetic deflection

coils (called the "yoke") of the CRT, thus
producing the linear horizontal raster scan.
In such cases the oscillator frequency sets
the horizontal scan rate. A related circuit

is the so-called blocking oscillator, which
generates its own excitation pulses.

III 6.21 Low-noise, low-drift supplies

The regulated supplies we have described
thus far are pretty good — they typically
have ripple and noise below a millivolt,

and drift with temperature of 100ppml°C
or so. This is more than adequate for
just about everything you will ever need
to power. However, there are times when

you may need better performance, and you
can't get it with any available regulator

ICs. The solution is to design your own
regulator circuit, using the best available
IC references (in terms of stability and
noise; see, e.g., the REFIOIKM in Table

6.7). This kind of stability (<lppm/°C)
is far better than the tempco of ordinary
metal-film resistors (50ppm/° C), for exam-
ple; so you must use great care to select

op-amps and passive components whose
errors and drifts do not degrade overall
performance.

Figure 6.56 shows a complete design of

an exceptional low-noise, low-drift dc reg-

ulated supply. It begins with the excellent
REFIOKM from Burr—Brown, which guar—

antees better than 1ppm/°C tempco, along
with very low noise (6pV pp, 0.1—10Hz).
Furthermore, it achieves this without

thermostatic control. which helps keep the
subsurface zener noise low. The reference
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is followed by a low—pass filter, to reduce
the noise further. The large capacitor value

is needed to suppress current noise from
the op-amp: the value shown converts the
current noise [LSPAh/Hz at lOHz) to a

voltage noise of 2.4nV‘sz. comparable

 

below 1ppm/°C, output impedance below
1 MS), and drift below lppm/working day.

We will talk more about such precision
and low-noise design in the next chapter.

with the op-alnp‘s en. A polypropylene U622 Micropower regulators
capacitor is used because the capacitor
leakage (more precisely, changes in leak—
age over time and temperature) must be
less than 0.1nA in order to avoid micro—

volt drifts in output voltage. The reference
is boosted to +25 volts by the op-amp,
whose feedback resistors have ultra-low

tempco (0.2ppm/°C, max); note the +30
volt supply voltage. The resultant +25.0

volt reference drives a voltage divider to
produce the desired output voltage, which

is then low-pass-filtered a second time,

again using a low-leakage capacitor. Be-

cause a potentiometer is used to divide
the reference voltage, resistor tempco
isn't as critical here — it‘s a ratiometric
measurement.

The rest of the circuit is simply a fol-

lower, using a precision low-noise error
amplifier to compare the output voltage

from a power MOSFET series pass tran-

sistor. A decompensated op—amp has been

used, since the large output capacitor pro-
vides the dominant pole for compensa-
tion. Note the unusual current—limit cir—

cuit and the liberal use of constant-current

"diodes" (really JFETS) to provide operat-
ing bias. Note also the use of "sense" wires
to sample the voltage across the load. In

a precision circuit like this it is important

to pay careful attention to ground paths,
since, for example, a lOOmA load current
flowing through 1 inch of #20 wire pro—

duces a voltage drop of lOOMV — which is a

lOOppm error for a 1 volt output! The cir—
cuit shown has excellent performance and
surpasses the typical noise and drift figures

given earlier by at least a factor of 100.
According to EVI, Inc. (Columbia, MD),

which kindly provided the circuit, it pro-
duces noise and hum below luV, tempco

0326

As we've hinted earlier, it's possible to

design battery operated circuits that use
very low quiescent current, often as little as

tens of microamps. That's what's needed,
of course, to make the circuit run for

months or years on a small battery, as it
must if it is a wristwatch or calculator.

For example, an alkaline 9 volt transistor

battery is exhausted after supplying about

400mA—hours; thus you can run a SOMA
circuit with it for about a year (8800
hours). If such micropower circuits need

regulated voltages, you clearly can't afford
to squander the 3111A quiescent current of

a 78L05, since that would degrade battery
life to less than a week!

The solution is either to design a micro—

power regulator from discrete components
or use one of the ICS intended for micro-

power applications. Luckily, some good
ICs have come along in recent years. One
of the best is the LP2950 series from Na—

tional, available as a TO—92 (small transis—

tor package) 3-te1'minal fixed 5 volt regula-
tor (LP2950ACZ—5.0) or as a multiterminal

adjustable 1.2—30 volt regulator (LP2951).
Both versions have a quiescent current of

75MA. For even lower quiescent currents
there are the ICL7663/4 (or MAX663/4),

adjustable regulators of both polarities with
4uA quiescent current. We will discuss
micropower regulators, along with all

aspects of battery-powered circuit design,

in Chapter 14.
As an example of what you can do with

discrete design, we show in Figure 6.57 a

micropower circuit, designed for possible

use in a lithium-batteiy—powered heart
pacemaker, that converts an input voltage

in the range +5 volts down to +3 volts (as
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 Figure 6.57. Micropower switching regulator.

the battery ages) to a regulated +5.5 volt
supply. The power supply has a quiescent

current of luA and provides line and load
regulation of about 5%, with 85% conver-
sion efficiency under full load for all bat—

tery voltages. As we remarked when dis—
cussing switching supplies, a conventional
linear supply using an oscillator, doubler,
and series pass regulator would be far less
efficient because of regulator losses follow-
ing the higher unregulated dc voltage.

The flyback technique is effectively like a
variable-ratio voltage multiplier, which
yields extremely high efficiency, making it
an attractive technique for micropower
applications.

The 2N6028 programmable unijunction
transistor (PUJT) is a versatile relaxation

oscillator component. Its sense terminal

(the anode) draws no current until its volt-
age exceeds the gate programming voltage

by a diode drop, at which point it goes
into heavy conduction from anode to cath-

ode, discharging the capacitor. The re-

sulting positive pulse at Qg’s base pulls
Qg’s collector to ground, triggering the
4098, a device known as a "monostable

110 turns 836

15mH /nn Ferruxcube 905—38?
on pm core V nul

1 N57] 1 7 +5.5V0v 1 Ely A
laveragel

22MB

multivibrator" (see Section 8.20), which

generates positive pulses of constant width

at its output terminal labeled Q.

In this circuit, Q3 senses the output

voltage and robs charging current from Cl,
reducing the energy-transfer pulsing rate

of the inductor as necessary to maintain
the desired output voltage. Note the

large resistor values throughout the circuit.
Temperature compensation is not an issue
here because the circuit operates in a

stable 98.6°F mobile oven. (Warning: We
remind the reader to look again at the
"Legal notice" in the Preface.)

6.23 Flying~capacitor (charge pump)
voltage converters

In Section 6.19 we discussed switching

supplies, with their bizarre ability to pro-

duce a dc output voltage larger than the
dc input, or even of opposite polarity. We

mentioned there that flying-capacitor volt-
age converters Iet you do some of the same
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Figure 6.58. Flying-capacitor voltage inverter.
Cl and 02 are extemal IOuF tantalum capaci-tors.

things. What is this strange "flying capac-
itor"?

Figure 6.58 shows a simplified circuit

of the 7662 CMOS IC introduced by
lntersil, and widely second—sourced. It
has an internal oscillator and some CMOS

switches, and it requires a pair of external

capacitors to do its job. When the input

pair of switches are closed (conducting),
Cl charges to Vin; then, during the second

half cycle, C1 is disconnected from the
input and connected, upside—down, across

mnputvonager}

o 10 20 30 40 so an m

load current (mA)

the output. It thus transfers its charge to

02 (and the load), producing an output of
approximately —Vin. Alternatively, to use

the 7662 to create an output of ZVm you
can arrange things so that Cl charges as
before, but then gets hooked in series with
Vin during the second (transfer) half cycle.

This flying-capacitor technique is sim-

ple and efficient and requires few parts and
no inductors. However, the output is not

regulated, and it drops significantly under
load currents greater than a few milliamps
(Fig. 6.59). Also, like most CMOS devices,
it has a limited supply voltage range; for

the 7662, Vin can only range from 4.5 to
20 volts (1.5V to 10V for its predecessor,
the 7660). Finally, unlike the inductive
step-up or inverter circuits, which can

generate any output voltage at all, the fly-
ing capacitor voltage converter can only

generate discrete multiples of the input

voltage. In spite of these drawbacks, flying-
capacitor voltage converters can be very
useful in some circumstances, for example

to power a bipolarity op-amp or serial port

(see Chapters 10 and l 1) on a circuit board
that has only +5 volts available.

 
80 90 I DO

Figure 6.59. The output voltage of a flying—capacitor inverter drops significantly under load.
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There are some other interesting flying-

capacitor chips. The MAX680 from Max-
im is a dual supply that generates :l:10
volts (up to 10mA) from +5 volts (Fig.
6.60). The similar LT1026 from LTC op-

erates to 3:20 volts output (up to 20mA)
and uses smaller capacitors (lnF instead of

ZOHF). The LT1054 from LTC combines a
flying—capacitor converter with a linear reg—

ulator to provide a stiff regulated output up
to IOOmA (at lower efficiency, of course).
The MAX232 series and the LT1080 com-

bine a i10 volt switched-capacitor supply

with an RS-232C digital serial port (see
Chapter 11), eliminating the need for bipo-

larity supplies in many computer boards;

some chips in the MAX232 series even

have built-in capacitors. And the LTC1043

is an uncommitted flying-capacitor build-
ing block, which you can use to do all kinds
of magic. For example, you can use a flying

capacitor to transfer a voltage drop mea—
sured at an inconvenient potential (e.g., a
current—sensing resistor at the positive sup—
ply voltage) down to ground. where you
can easily use it. The LTC1043 data sheet
has 8 pages of similar clever applications.

6.24 Constant-current supplies

In Sections 2.06 and 2.14 we described

some methods for generating constant cur—
rents within a circuit, including voltage-
programmed currents with floating or
grounded loads and various forms of cur-
rent mirrors. In Section 3.06 we showed

how to use FETs to construct some simple

current-source circuits, including “current-
regulator diodes" (a JFET with gate tied to
source) such as the 1N5283 series. In Sec—

tion 4.07 we showed how to get improved
performance (at low frequencies, anyway)

by using op-amps to construct current
sources. And in Section 6.15 we men-

tioned the convenient LM334 3-terminal

current source IC. There is often a need,
however, for a flexible constant-current

supply, which can supply substantial

6.24 Constant-current supplies

voltage and current, as a complete instru—
ment. In this section we will look at some

of the more successful circuit techniques.

Rm, ., 20cm 
MF capacitors; RN 2 1009

Figure 6.60. Flying-capacitor dual supply. The
LT1026 is similar, but has Rom z 100 ohms
and requires only 1 HF capacitors.

El Three-terminal regulator

In Section 6.18 we showed how you can
use a 3-terminal adjustable regulator to

make a delightfully simple current source.
The 317-type regulator, for example,

maintains a constant 1.25 volts (bandgap)
between its output and its "ADJ" pin; by

putting a resistor across these pins, you
form a 2—terminal constant—current device

(Fig. 6.38), which can be used as a sink
or source. Performance degrades with less
than about 3 volts across the circuit, since

the regulator itself has a dropout voltage
near 2 volts.

This type of current source is suitable
for moderate to high currents: The LM317
has a maximum current of 1.5 amps and
can operate with up to 37 volts drop.
Its high—voltage cousin, the LM317HVK,

can withstand 57 volts drop. Higher-
current versions are available, e.g., the

LM338 (5A) and LM396 (10A), although
these have lower voltage ratings. Three-

terminal regulators won't work as current
sources below about 10mA, the worst-case

quiescent current. However, note that the
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latter is not a source of current error, since

it flows from input pin to output pin; the
much smaller current that flows out of

the ADJ pin (SOHA, nominal) varies about
20% over the operating temperature range
and is negligible by comparison.

In ancient times, before 3-terminal ad-

justable regulators were available, people

sometimes used 5 voltfixed regulators (e.g.,
the 7805) as current sources in a simi-

lar arrangement (substituting “GND” for
"ADJ"). This is an inferior circuit, because

at low output currents the regulator's qui—
escent current (8mA max) contributes a

large error, and at high currents the 5 volt

drop across the current-setting resistor
results in unnecessary power dissipation.

III Supply-line sensing

A simple technique that yields good per-
formance involves constructing a conven-

tional series pass regulator, with current
sensing at the input to the pass transis—

tor (Fig. 6.61). R2 is the current—sensing

 
ZAtermingl
reference
1.22V

Figure 6.61. Input-rail current sensing.

resistor, preferably a low—temperature—
coefficient type. For very high current or

high—precision applications, you should use
a 4-wire resistor, intended for current-

sensing applications, in which the sens-

ing leads are connected internally. The
sensing voltage does not then depend
on the connection resistance of the joints
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to the current—carrying leads, which for
clarity are drawn with heavy lines in this
schematic.

For this circuit you must use an op-amp

that has an input common-mode range all
the way to the positive supply (the 307,
355, and 441 have this virtue), unless, of

course, you power the op-amp with a more
positive auxiliary supply. The MOSFET

in this circuit could be replaced by a pnp
pass transistor; however, since the output
current would then include the base cur—

rent, you should use a Darlington connec-
tion to minimize that error. Note that an

n-channel output transistor (connected as
a follower) can be used instead of the p-

channel shown, if the input connections

to the op-amp are reversed. However, the
current source will then have an undesir—

ably low output impedance at frequencies

approaching fT of the op-amp loop, since
the output is actually a source follower.
This is a common error in current—source

design, since the dc analysis shows correct
performance.

|:| Return-line current sensing

A good way to make a precise current
source is to sense the voltage across a
precision resistor directly in series with the
load, since this makes it easier to meet the

simple criterion for eliminating current-
source errors due to base drive currents;

the base drive current must either pass
through both the load and sense amplifier,

or pass through neither. However, to
meet this criterion it is necessary to "float"
either the load or the power supply by at
least the voltage drop across the current—

sensing resistor. Figure 6.62 shows a
couple of circuits that use floating loads.

The first circuit is a conventional series

pass circuit, with the error signal derived

from the drop across the small resistor in

the load's return path to ground. The high-

current path is again drawn with bold lines.
The Darlington connection is used here
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Figure 6.62. Return-line current sensing.

not to avoid base-current error, since the

actual current through the load is sensed,
but rather to keep the drive current down

to a few milliamps so that ordinary op-

amps can be used for the error amplifier.
The sensing resistor should be a precision
power resistor of low temperature coeffi-

cient, preferably a 4-wire resistor. In the

second circuit the regulating transistor Q2

is in the ground return of the high-current

supply. The advantage here is that its

6.24 Constant-currentsupplies

collector is at ground, so you don't have to

worry about insulating the transistor case
from the heat sink.

In both circuits, RSenge will normally
be chosen to drop a volt or so at typical

operating currents; its value is a com-
promise between op-amp input offset
errors, at one extreme, and a combina-

tion of reduced current—source compliance
and increased dissipation at the other. If
the circuit is meant to operate over large

ranges of output current, Rsenge should
probably be a set of precision power resis—

tors, with the appropriate resistor selected
by a range switch.

[I Grounded load

If it is important for the load to be re—
turned to circuit ground, a circuit with
floating supply can be used. Figure 6.63

shows two examples. In the first circuit,

the funny-looking op-amp represents an
error amplifier with a high-current buffer
output, run from a single split supply; it

could be something as simple as a 723 (for
currents up to 150mA) or one of the high-
current op—amps listed in Table 4.4. The
high-current supply has a common termi-

nal that floats relative to circuit ground,
and it is important that the error amplifier
(or at least its buffer output) be powered
from the floating supply so that base drive

currents return through Rsense. An addi-
tional low-current supply with grounded
common would be needed if other 0p—

amps, etc., were in the same instrument.
A negative reference (relative to circuit

ground) programs the output current. Note
the polarity at the error-amplifier inputs.

The second circuit illustrates the use

of a second low-power supply when an
ordinary low-current op-amp is used as

error amplifier. Q1 is the outboard pass
transistor, which must be a Darlington (or
MOSFET), since the base current returns

through the load, but not through the
sense resistor. The error amplifier is now
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Figure 6.63. Current sources for grounded
loads, employing floating high—current supplies.

powered from the same split supply with

grounded common that powers the rest
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of the instrument. This circuit is well

suited as a simple bench-instrument cur-
rent source, with the low-current split sup—

ply built in and the high-current supply
connected externally. You would choose
the latter‘s voltage and current capability
to fit each application.

6.25 Commercial power-supply modules

Throughout the chapter we have described
how to design your own regulated power

supply, implicitly assuming that is the best
thing to do. Only in the discussion of line-
operated switching power supplies did we
suggest that the better part of valor is to

swallow your pride and buy a commercial
power supply.

As the economic realities of life would

have it, however, the best approach is
often to use one of the many commercial

power supplies sold by companies such
as ACDC, Acopian, Computer Products
Inc., Lambda, Power-One, and literally
hundreds more. They offer both switching

and linear supplies, and they come in four

basic packages (Figure 6.64):
1. Modular "potted" supplies: These are

low-power supplies, often dual (ilS) or

triple (+5, :EIS), packaged in "potted"
modules that are usually 2,5"><3.fi". and
about 1" thick. The most common pack—
age has stiff wire leads on the bottom,
so you can mount it directly on a circuit
board; you can also screw it to a panel,
or plug it into a socket. They are also

available with terminal-strip screw connec-
tions along one side, for chassis mounting.
A typical linear triple supply provides +5
volts at 0.5 amp and :l:15 volts at 0.1 amp

and costs about $100 in small quantity.
Linear modular supplies fall in the 1—10
watt range, switchers in the 15—25 watt
range.

2. "Open-frame" supplies: These consist
of a sheet-metal chassis, with circuit

board, transformer, and power transistors

mounted in full view. They're meant to go
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Figure 6.64. Commercial power supplies come in a variety of shapes and sizes, including potted
modules, open-frame units, and fully enclosed boxes. (Courtesy of Computer Products, Inc.)

inside a larger instrument. They come
in a wide range of voltages and currents
and include dual and triple units as well
as single-output supplies. For example, a

popular triple open-frame linear provides
+5 volts at 3 amps and ilS volts at

0.8 amp and costs $75 in small quantity.
Open-frame supplies are larger than potted

modules, and you always screw them to the
chassis. Open-frame linears fall in the 10—
200 watt range, switchers in the 20—400
watt range. Open—frame supplies at the

low end of the power range may have all

components mounted directly on a circuit
board, with no metal frame at all. As with

the potted supplies, you are expected to
provide switches, filters, and fuses for the
ac line voltage circuits.

3. Fully enclosed supplies: These supplies
have a full metal enclosure, usually perfo-

rated for cooling, and usually free of the

protruding power transistors, etc., that you
find on an open-frame supply. They can
be mounted externally, because their full
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enclosure keeps fingers out; you can also
mount them inside an instrument, if you

want. They come with single and multiple

outputs, in both linear and switchers.
Fully enclosed linears fall in the 15—750

watt range, switchers in the 25—1500 watt
range.

4. Wa. pug-"m power memes: 'Y‘nese at e
the familiar black plastic boxes that come
with small consumer electronic gadgets
and plug directly into the wall. They

actually come in three varieties, namely
(a) step-down ac transformer only, (b)
unregulated dc supply, and (c) complete

regulated supply; the latter can be either
linear or switcher. For example, Ault has a
nice series of dual (:El2V 0r iISV) and
triple (+5V and :E12V or iISV) linear

regulated wall-plug-in supplies. These save

you the trouble of bringing the ac line

power into your instrument, and keep it

light and small. Some of us think that
these convenient supplies are getting a bit
too popular, though, as measured by the
cluster of wall plug—ins found feeding at

the outlets in our house! Some "desktop"
models have two cords, one each for the

ac input and dc output. Some of the
switching units allow a full 95 to 252
volts ac input range, useful for traveling
instruments. Well have more to say about
wall plug-ins in Section 14.03, when we

deal with low-power design.

SELF-EXPLANATORY CIRCUITS

6.26 Circuit ideas

Figure 6.65 presents a variety of current

ideas, mostly taken from manufacturers'
data sheets.

6.27 Bad circuits

Figure 6.66 presents some circuits that

are guaranteed not to work. Figure them

out. and you will avoid these pitfalls.
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ADDITIONAL EXERCISES

(I) Design a regulated supply to deliver
exactly +10.0 volts at currents up to
IOmA using a 721 You have available a
15 volt (rms) lOOmA transformer, diodes

by the bucketful, various capacitors, a 723,
resistors, and a lk trimmer pot. Choose

your resistors so that they are standard
(5%) values and so that the range of

adjustment of the trimmer will be suffi-
cient to accommodate the production
spread of internal reference voltages
(6.80V to 7.50V).

(2) Design +5 volt 50mA voltage regu-
lators, assuming +10 volt unregulated in—
put, using the following: (a) zener diode
plus emitter follower; (b) 7805 3—terminal

regulator; (c) 723 regulator; (d) 723 plus
outboard npn pass transistor; use foldback

current limiting with lOOmA onset (full-
voltage current limit) and 25mA short-
circuit current limit; (e) a 317 3—terminal

adjustable positive regulator; (f) discrete

components, with zener reference and

feedback. Be sure to show component

values; provide lOOmA current limiting
for (a), (c), and (f).

(3) Design a complete +5 volt 500mA
power supply for use with digital logic.
Begin at the beginning (the 115V ac wall

socket), specifying such things as trans—

former voltage and current ratings, capac-

itor values, etc. To make your job easy,
use a 7805 3—terminal regulator. Don't
squander excess capacitance, but make
your design conservative by allowing for
:E10% variation in all parameters (power-
line voltage, transformer and capacitor

tolerances, etc.). When you're finished,

calculate worst-case dissipation in the
regulator.

Next, modify the circuit for 2 amp load

capability by incorporating an outboard

pass transistor. Include a 3 amp current
limit.
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Ch7: Precision Circuits and Low—Noise Techniques

In the preceding chapters we have
dealt with many aspects of analog circuit
design, including the circuit properties

of passive devices, transistors, FETs,

and op-amps, the subject of feedback,
and numerous applications of these
davices and circuit methods. In all

our discussions, however, we have

not yet addressed the question of the
best that can be done, for example,
in minimizing amplifier errors (non—
linearities, drifts, etc.) and in am—

plifying weak signals with minimum
degradation by amplifier "noise." In
many applications these are the most

important issues, and they form an
important part of the art of electronics.

In this chapter, therefore, we will look

at methods of precision circuit design

and the issue of noise in amplifiers.
With the exception of the introduction

to noise in Section 7.11, this chapter

can be skipped over in a first reading.
This material is not essential for an

understanding of later chapters.

PRECISION OP-AMP DESIGN

TECHNIQUES

In the field of measurement and control

there is often a need for circuits of high

precision. Control circuits should be ac-

curate, stable with time and temperature,
and predictable. The usefulness of measur-

ing instruments likewise depends on their
accuracy and stability. In almost all elec-

tronic subspecialties we always have the

desire to do things more accurately — you
might call it the joy of perfection. Even if

you don't always actually need the highest
precision, you can still delight in the joy of

fully understanding what's going on.

7.01 Precision versus dynamic range

It is easy to get confused between the

concepts of precision and dynamic. range.
especially since some of the same tech-

niques are used to achieve both. Perhaps

the difference can best be clarified by some

examples: A 5-digit multimeter has high
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precision; voltage measurements are ac-
curate to 0.01% or better. Such a de-

vice also has wide dynamic range; it can
measure millivolts and volts on the same

scale. A precision decade amplifier (one
with selectable gains of 1, 10, and 100,

say) and a precision voltage reference may

have plenty of precision, but not necessar—
ily much dynamic range. An example of a
device with wide dynamic range but only

moderate accuracy might be a 6—decade

logarithmic amplifier (log amp) built with

carefully trimmed op—amps but with com-

ponents of only 5% accuracy; even with
accurate components a log amp might have

limited accuracy because of lack of log
conformity (at the extremes of current) of

the transistor junction used for the conver-

sion. Another example of a wide-dynamic-

range instrument (greater than 10,00021
range of input currents) with only mod-

erate accuracy (l%) is the coulomb meter
described in Section 9.26. It was origi—

nally designed to keep track of the total
charge put through an electrochemical cell,

a quantity that needs to be known only

to approximately 5% but that may be the
cumulative result of a current that varies

over a wide range. It is a general charac—

teristic of wide—dynamic—range design that
input offsets must be carefully trimmed in
order to maintain good proportionality for
signal levels near zero; this is also neces-
sary in precision design, but, in addition,
precise components, stable references, and

careful attention to every possible source
of error must be used to keep the sum
total of all errors within the so-called

error budget.

7.02 Error budget

A few words on error budgets. There is

a tendency for the beginner to fall into
the trap of thinking that a few strategically

placed precision components will result in

a device with precision performance. On
rare occasions this will be true. But even
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a circuit peppered with 0.01% resistors

and expensive op-amps won't perform to
expectations if somewhere in the circuit

there is an input offset current multiplied
by a source resistance that gives a voltage
error of 10mV, say. With almost any
circuit there will be errors arising all over

the place, and it is essential to tally
them up, if for no other reason than to
locate problem areas where better devices

or a circuit change might be needed.

Such an error budget results in rational

design, in many cases revealing where an
inexpensive component will suffice, and

eventually permitting a careful estimate of

performance.

7.03 Example circuit: precision
amplifier with automatic null offset

In order to motivate the discussion of

precision circuits, we have designed an ex-

tremely precise decade amplifier with auto-

matic offset. This gadget lets you ”freeze"
the value of the input signal, amplifying

any subsequent changes from that level by
gains of exactly 10, 100, or 1000. This

might come in particularly handy in an ex-

periment in which you wish to measure a

small change in some quantity (e.g., light
transmission or radiofrequeney absorp-
tion) as some condition of the experiment
is varied. It is ordinarily difficult to get ac—
curate measurements of small changes in a

large dc signal. owing to drifts and insta-
bilities in the amplifier. In such a situation

a circuit of extreme precision and stability
is required. We will describe the design
choices and errors of this particular circuit

in the framework of precision design in

general, thus rendering painless what could
otherwise become a tedious exercise. A

note at the outset: Digital techniques

offer an attractive alternative to the purely

analog circuitry used here. Look forward

to exciting revelations in chapters to come!

Figure 7.] shows the circuit.



PRECISION OP-AMP DESIGN TECHNIQUES
7.03 Example circuit: precision amplifier with automatic null offset 393
 

 

 

P15 #15
R:

D; I“:

R 1~3595 'ID mm1
Rs 470a

G ”I 0:1N3595

Ru Rt; 3”
arm.' 3cm 301k
1% Ni: ‘ Hi

0 100 t‘

”1..
RI) IDOD500M - ——————————

—’VW _

R13
‘qm 1m
1m '951%

IF"I9
10m _
Ht: '

R20 R"

llflk 5.“ 45leakage
_ compensation _

*Plasiic Capacitors inc , PD057106 [or Amperex
czaomcwnema 16 am. TRW 863 ii out), or
ECC E42A105 K (1 OuFH

Figure 7.1. Autonulling dc laboratory amplifier.

Circuit description

The basic circuit is a follower (U1) driving
an inverting amplifier of selectable gain

(Ug), the latter offsettable by a signal
applied to its noninverting input. Q1 and

Q2 are FETs, used in this application as
simple analog switches; Q3-Q5 generate

suitable levels, from a logic—level input,

to activate the switches. Q1 through Q5
and their associated circuitry could all

be replaced by a relay. or even a switch.

R7 R8100 O( 10 0k
0 01% O 01%

a, 25

R4 735'?" 67.18h :mom .0 W 0.61%0.0m |

 

 
 

if desired. For now, just think of it as a

simple SPST switch.

When the logic input is HIGH (“auto-

zero"). the switch is closed, and U3 charges

the analog "memory" capacitor (C1) as
necessary to maintain zero output. No

attempt is made to follow rapidly changing
signals. since in the sort of application

for which this was designed the signals

are essentially dc. and some averaging
is a desirable feature. When the switch

is opened, the voltage on the capacitor
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remains stable, resulting in an output

signal proportional to the wanderings of
the input thereafter.

There are a few additional features that

should be described before going on to ex-
plain in detail the principles of precision

design as applied here: (a) U4 participates

in a first-order leakage-current compensa-
tion scheme, whereby the tendency of CI
to discharge slowly through its own leak—

age (100,000M, minimum, corresponding

to a time constant of 2 weeks!) is compen—
sated by a small charging current through

R15 proportional to the voltage across Cl.
(b) Instead of a single FET switch,

two are used in series in a "guarded
leakage-cancellation" arrangement. The

small leakage current through Q2,
when switched OFF, flows to ground

through R23, keeping all terminals of Q1
within millivolts of ground. Without any
appreciable voltage drops, Q1 hasn't any

appreciable leakage! (See Section 4.15
and Fig. 4.50 for similar circuit tricks.)

(c) The offsetting voltage generated at

the output of U3 is attenuated by

R1173”, according to the gain setting.
This is done to avoid problems with

dynamic range and accuracy in U3,

since drifts or errors in the offset holding

circuitry are not amplified by U2 (more on
this later).

7.04 A precision-design error budget

For each category of circuit error and de—
sign strategy we will devote a few para-

graphs to a general discussion, followed
by illustrations from the preceding circuit.
Circuit errors can be divided into the

categories of (a) errors in the external

network components, (b) op—amp (or
amplifier) errors associated with the

input circuitry, and (c) op-amp errors
associated with the output circuitry.
Examples Lf the three are resistor toler-

ances, input offset voltage, and errors

due to finite slew rate, respectively.
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Let's start by setting out our error bud—

get. It is based on a desire to keep input
errors down to the lOuV level, output drift
(from capacitor "droop") below 1mV in 10

minutes, and gain accuracy in the neigh-
borhood of 0.01%. As with any budget,

the individual items are arrived at by a

process of trade-offs, based on what can be
done with available technology. In a sense

the budget represents the end result of the

design, rather than the starting point.
However, it will aid our discussion to
have it now.

Error budget (worst-case values)

I. Buffer amplifier (U1)
Voltage errors referred to input:

1.2pW40C
1.0pV/month
0.3;LV/100mV change
2.0uV/lk of Rs
0.3],LV @ full scale (10V)

2. Gain amplifier (U2)
Voltage errors referred to input:

Temperature
Time

Power supply
Bias current x R3
Load—current heating

Temperature 1.2lede
Time 1.0pV/month
Power supply 0.3;.LV1100mV change

1.6;;W4UC/Ik
0.3pV @ full scale

(RI. 2 10k)

Bias offset current drift

Load—current heating

3. Hold amplifier (U3)
Voltage errors referred to output:

Us offset tempco Wily/4°C
Power supply IOpV/IOOmV change
Capacitor droop 100uV/min

(see current error budget)
Charge transfer lOuV

Current errors applied to Cl (needed for
preceding voltage error budget):
Capacitor leakage

Maximum (uncompensated) (IOODA)
Typical (compensated) lOpA

U3 input current 0.2pA
U3 & U4 offset voltage

across R15 I.OpA
FET switch OFF leakage 0.5pA
Printed—circuit—board leakage SDpA

The various items in the budget will make
sense as we discuss the choices faced in
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this particular design. We will organize
by the categories of circuit errors listed
earlier: network components, amplifier
input errors, and amplifier output errors.

7.05 Component errors

The degrees of precision of reference volt—
ages, current sources, amplifier gains, etc.,
all depend on the accuracy and stability of
the resistors used in the external networks.

Even where precision is not involved
directly, component accuracy can have
significant effects, e.g., in the common-

mode rejection of a differential amplifier

made from an op-amp (see Section 4.09),
where the ratios of two pairs of resistors

must be accurately matched. The accu-

racy and linearity of integrators and ramp
generators depend on the properties of the
capacitors used, as do the performances
of filters, tuned circuits, etc. As you

will see shortly, there are places where
component accuracy is crucial,and there

are other places where the particular

component value hardly matters at all.

Components are generally specified with
an initial accuracy, as well as the changes

in value with time (stability) and temper—

ature. In addition, there are specifications
of voltage coefficient (nonlinearity) and
bizarre effects such as "memory" and
dielectric absorption (for capacitors).

Complete specifications will also include
the effects of temperature cycling and
soldering, shock and vibration, short-
term overloads, and moisture, with well-
defined conditions of measurement. In

general, components of greater initial ac—
curacy will have their other specifications

correspondingly better, in order to pro—
vide an overall stability comparable

with the initial accuracy. However, the
overall error due to all other effects

combined can exceed the initial accuracy
specification. Beware!

As an example, RNSSC 1% tolerance
metal—film resistors have the following

specifications: temperature coefficient

(tempco), 50ppml°C over the range — 55°C

to +175°C; soldering, temperature, and
load cycling, 0.25%; shock and vibration,

0.1%: moisture, 0.5%. By way of com-
parison, ordinary 5% carbon-composition

resistors (Allen-Bradley type CB) have
these specifications: tempco, 3.3% over the

range 25°C to 85°C; soldering and load
cycling, +4%, —6%; shock and vibration,

21:2%', moisture, +6%. From these specs it

should be obvious why you can‘t just se—
lect (using an accurate digital ohmmeter)

carbon resistors that happen to be within
1% of their marked value for use in a

precise circuit, but are obliged to use 1%
resistors (or better) designed for long-term

stability as well as initial accuracy. For the
utmost in precision it is necessary to use

an ultra-precise metal-film resistor, such

as Mepco 50232 (5ppm/OC and 0.025%),
or wire—wound resistors, available with

tolerances of 0.01%. See Appendix D for
more information on precision resistors.

Nulling amplifier: component errors

In the preceding circuit (Fig 7.1), 0.01% re—

sistors are used in the gain—setting network,

Rg—Rg, giving highly predictable gain. As
you will see shortly, the value of R3 is a

compromise, with small values reducing
offset current error in U2 but increasing
heating and thermal offsets in U1. Given
the value of R3, the feedback network is

forced to take on its complicated form to

keep the resistor values below 301k, the

maximum value generally available in 1%
precision resistors. This trick is discussed
in Section 4.19. Note that 1% resistors

are used in the offset attenuator network,

flu—RM: here accuracy is irrelevant, and
metal—film resistors are used only for their
good stability.

The largest error term in this circuit, as

the error budget shows, is capacitor leak-

age in the holding capacitor, C1. Capaci—
tors intended for low-leakage applications
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give a leakage specification, sometimes
as a leakage resistance, sometimes as a

time constant (megohm-microfarads). In
this circuit 01 must have a value of at

least a few microfarads in order to keep
the charging rate from other current

error terms small (see budget). In
that range of capacitance, polystyrene,

polycarbonate, and polysulfone capac—
itors have the lowest leakage. The

unit chosen has a leakage specified as

1,000,000 megohm-microfarads maxi-

mum, i.e., a parallel leakage resistance
of at least 100,000M. Even so, that's

equivalent to a leakage cun‘ent of lOOpA

at full output (10V), corresponding to
a droop rate of nearly ImV/min at the

output, the largest error term by far.

For that reason we have added the leakage-
cancellation scheme described earlier. It is

fair to assume that the effective leakage can

be reduced to 0.1 of the capacitor's worst-
case leakage specification (in practice,

we can probably do much better). No
great stability is required in the cancel—

lation circuit, given the modest demands
made of it. As you will see later when

we discuss voltage offsets, R15 is kept
intentionally large so that input voltage

offsets in U3 aren't converted to a signif—
icant current error.

While on the subject of en‘ors produced

by components external to the amplifiers

themselves, it should be pointed out that
leakage in FET switches is normally in the

range of lnA, a value completely unac-
ceptable in this circuit. The trick of us—

ing a pair of series—connected FETS, with
Qg’s leakage resulting in only lmV across

Q1 (with negligible leakage into Ug’s
summing junction), is elegant and power-
ful; it is sometimes used in integrator
circuits, as discussed in Section 4.19.

We have also used it in a novel peak-

detector circuit in Section 4.15. As you

will see shortly, U3 is chosen carefully
to keep cun‘ents through 01 down in the
picoampere range. The philosophy is
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the same evelywhere: Choose circuit

configurations and component types as
necessary to meet the error budget. At
times this involves hard work and circuit

trickery, but at other times it falls easily

within standard practice.

One subtle source of error in any circuit
using FET switches is charge transfer from
the controlling gate to the signal—carrying
channel: The full-swing transitions at the

gate couple capacitively to the drain and

source. As we remarked in Chapter 3, the
total charge transferred is independent of

the transition time and depends only on

the gate swing and gate-channel capaci-
tance: AQ = CGCAVg. In this circuit,

charge transfer results in a simple voltage

error of the auto-zero, because the charge
is converted to a voltage in the holding

capacitor C1. It's easy to estimate the
error. The 3N156 specifies a CT” (drain-
gate capacitance) of 1.3pF maximum, and

a Cg“ (gate-channel capacitance, mostly
to the source) of SpF maximum. The

15 volt gate swing therefore produces a

maximum charge transfer of 75pC, cor-

responding to a voltage step of AVG =

AQ/C] = 7.5/LV across the IOMF capac-
itor Cl. This is within our error budget;
in fact, we may have overestimated the

effect, since we included the capacitance
to source as well as drain, whereas during
a portion of the gate step the channel is cut
off, decoupling the source from the drain.

7.06 Amplifier input errors

The deviations of op—amp input charac—
teristics from the ideal that we discussed

in Chapter 4 (finite values of input
impedance and input current, voltage

offset, common-mode rejection ratio, and
power-supply rejection ratio, and their
drifts with time and temperature) gen-

erally constitute serious obstacles to
precision circuit design and force trade-

offs in circuit configuration, component
selection, and the choice of a particular



op—amp. The point is best made with ex-
amples, as we will do shortly. Note that
these errors, or their analogs, exist for

amplifiers of discrete design as well.

Input impedance

Let's discuss briefly the error terms
just listed. The effect of finite input

impedance is to form voltage dividers

in combination with the source imped-
ance driving the amplifier, reducing

the gain from the calculated value. Most
often this isn‘t a problem, because the

input impedance is bootstrapped by
feedback, raising its value enormously.

As an example, the OP—77E precision
Op—amp (with transistor, not PET,

input stage) has a typical “differential-
mode input impedance," of 45M. In
a circuit with plenty of loop gain, feed-

back raises the input impedance to
the "common-mode input impedance"

200,000M. In any case, some FET-input
op-amps have astronomical values of Rm,

if there's still a problem.

Input bias current

More serious is the input bias current.
Here we're talking about currents mea-
sured in nanoamps, and this already
produces voltage errors of microvolts

for source impedances as small as lk.

Again, FET op-amps come to the rescue,

but with generally increased voltage off-

sets as part of the bargain. Bipolar super-
beta op-amps such as the LT1012, 312,
and LMll can also have surprisingly

low input currents. As an example,

compare the OP—77 precision bipolar

op—amp with the LT1012 (bipolar, opti—
mized for low bias current), the CPA] 11

(JFET, precision and low bias), the AD549
(ultra-low-bias JFET), and the ICH8500

(MOSFET, lowest-bias op-amp); these
are the best you can get at the time of
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writing, and we've chosen the best grade
of each one:

Iiias ()ffsct

current voltage Tempco
@ 25°C @ 25°C of V03
IB max V95 max AV” max

09.7715 2000pA 25w 0.3nVIOC
(bipolar)

LT1012C 150pA 50w 1.5.uw0'c
(superbeta)

OPAIIIB lpA 250w Ipw°c
(JFET)

AD549L 0.06pA 500w lOprDC
(JFET)

ICH8500A 0.01pA 50,000nV 2000uV/0C
(MOSFET)

Well-designed FET amplifiers have ex-

tremely low bias current, but with much

larger offset voltage, as compared with the
precision OP-77. Since the offset voltage

can always be trimmed, what matters more
is the drift with temperature. In this case

the FET amplifiers are 3 to 6000 times
worse. The op—amp with the lowest in-

put current uses MOSFETS for the input

stage. MOSFET op—amps are becoming
popular because of the availability of in—

expensive units like the 3440, 3160, the
TLC27O series, and the ICL7610 series, as
well as the ultra-low-bias-current devices

like the 8500A listed earlier. However,

unlike JFETs or bipolar transistors, MOS-
FETS can have very large drifts of offset
voltage with time, an effect that will be

discussed shortly. So the improvement in
current errors you buy with a FET op-amp

can be wiped out by the larger voltage
error terms. With any circuit in which bias

current can contribute significant error, it
is always wise to ensure that both op—amp
input terminals see the same dc source re—
sistance, as we discussed in Section 4.12;

then the op—amp's aflset current becomes
the relevant specification. A note on bias-

current compensation: A number of pre-

cision op-amps use a "bias compensation"
scheme to cancel (approximately) the input
current, in order to make that error
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Figure 7.2. OpaInp input cuirent versus tem-
perature.
A. Logarithmic scale
B. Linear scene

term smaller; look back at Additional

Exercise 8 at the end of Chapter 2 to see

how it's done. With op-ainps of this type
you generally don't gain anything by

matching the dc resistances seen by the

two inputs, since for a bias-compensated

op-amp the residual bias current and
the offset currcnt arc comparablc.

One additional point to keep in mind
when using FET—input op—amps is that the

input 'bias" current is actually gate leak—

age current, and it rises dramatically with

increasing temperature (it roughly doubles
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[or every 10°C increase in chip tempera-
ture; see Fig. 3.30). Since FET op-amps

often run warm (the popular 356 dissipates
lSOmW quiescent power), the actual input

current may be considerably higher than
the 25°C figures you see on the data sheet.
The input current of a bipolar-transistor-

input op-amp, by comparison, is actual

base current, and it drops with rising tem-
perature (Fig. 7.2). So a FET—input op-

amp with impressive input—current specs

on paper may not give such an improve—

ment over a good superbeta bipolar unit.
As an example, the OPAl 11 with its lpA

input current (at 25°C) will have an in—

put current of about 10pA at 65°C chip
temperature, which is higher than the in-

put current of the superbeta LT1012 at the

same temperature. The popular 355 se-
ries of FET op-amps has an input current

that is comparable to that of the LT1012 or
LMll at 25°C and is many times higher at

elevated temperatures. Finally, when c0111-
paring op-amp input currents, watch out

for some FET types whose [3 depends on

the input voltage. The spec sheet usually

lists 13 only at 0 volts (mid-supply), but a

good data sheet will show curves as well.

See Figure 7.3 for some typical I3=Vgn be-

havior. Note the excellent performance of

the OPAlll, due in part to its cascode
input stagc.

 
com monrmode voltage (V)

Figure 7.3. FET op—amp input current versus
common-mode voltage.
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Voltage offset

Voltage offsets at the amplifier input are

obvious sources of error. Op-amps dif-
fer widely in this parameter, ranging from
"precision” op—amps offering worst—case

V03 values generally in the tens of micro—
volts to ordinary jellybean op—amps like
the LF411 with V0,, values of 2 to 5mV. At

the time of writing, the champion in the
(non-chopper, see below) world of low olf-

sets is the MAX400M (V05 = lOuV, max).
We expect to see further incremental
improvements in this area.

Although most good single op-amps (but

not duals or quads) have offset-adjustment
terminals, it is still wise to choose an am—

plifier with inherently low initial offset V03

max, for several reasons. First, op-amps

designed for low initial offset tend to have
correspondingly low offset drift with tem-

perature and time. Second, a sufficiently
precise op—amp eliminates the need for ex—
ternal trimming components (a trimmer

takes up space, needs to be adjusted ini—
tially, and may Change with time). Third,

offset voltage drift and common—mode

rejection are degraded by the unbalance
caused by an offset-adjustment trimmer.
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‘i‘gure 7.4. Typical op-amp offset veisus offset-a justment potentiometer rotation for several
temperatures.

Figure 7.4 illustrates how a trimmed off-
set has larger drifts with temperature. We

have also shown how the offset adjustment
is spread over the trimmer pot rotation,
with best resolution near the center,

especially for large values of trimmer re-

sistance. Finally, you‘ll generally find that
the recommended external trimming net-
work provides far too much range, mak-

ing it nearly impossible to trim V0,7 down
to a few microvolts; even if you succeed,

the adjustment is so critical it won't stay

trimmed for long. Another way to think
about it is to realize that the manufacturer

of a precision op-amp has already trimmed
the offset voltage, in a custom test jig us—

ing "laser—zapping" techniques; you may

be unable to do any better yourself. Our
advice is (a) to use precision op—amps for

precision circuits, and (b) if you must trim
them further, arrange a narrow-range trim

circuit like the ones shown in Figure 7.5,
which have a full-scale range of iSOuV,
linear in trimmer rotation.

Because voltage offsets can be trimmed

to zero, what ultimately matters is the drift
of offset voltage with time, temperature,

and power-supply voltage. Designers of

precision op-amps work hard to minimize

these errors. You get the best performance

from bipolar (as opposed to FET) op—amps
in this regard, but input current effects

may then dominate the error budget. The
best op-amps keep drifts below luV/“C;
at the time of writing, the AD707 claims

the smallest drift (for a non-chopper op-

amp) - AK” = 0.1;,rV/°C, max.

Another factor to keep in mind is the
drift caused by self-heating of the op-amp

when it drives a low-impedance load. It
is often necessary to keep the load im-

pedance above 10k to prevent large errors
from this effect. As usual, that may com-

promise the next stagc‘s error budget from
the effects of bias current! You will see

just such a problem in this design example.
For applications where drifts of a few mi—

crovolts are important, the related effects
of thermal gradients (from nearby heat-

producing components) and thermal emf’s
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Figure 7.5. External trimming networks for
pnecrsion op-amps.
A. Inverting.
B. Noninverting.

(from junctions of dissimilar metals) be—

come important. This will come up again
when we discuss the ultraprecise chopper-

stabilized amplifier in Section 7.08.

Table 7.1 compares the important speci—
fications for seven of our favorite precision

op-amps. Spend some time with it - it will

give you a good feeling for the trade-offs
you face in high-performance design with

Op-amps. Note particularly the trade-offs
of offset voltage (and drift) versus input

current for the best bipolar and JFET op-

amps. You also get the lowest noise volt-
age from bipolar op—amps, dropping with
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increasing bias current; we'll see why that

happens later in the chapter, when we dis-
cuss noise. The awards for low-noise cur-

rent, however, always go to the FET op-

amps, again for reasons that will become

clear later. In general, choose FET op-

amps for low input current and current
noise; choose bipolar op-amps for low in-
put voltage offset, drift, and voltage noise.

Among FET-input op-amps, thosc us-

ing JFETS dominate the scene, particularly
where precision is needed. MOSFETS, in

particular, are subject to a unique debili—

tating effect that neither FETs nor bipolar
transistors have. It turns out that sodium—

ion impurities in the gate insulating layer
migrate slowly under the influence of the

gate's VGSION] electric field, resulting in
a drift of the offset voltage under closed-

loop conditions of as much as 0.5mV over
a period of years. The effect is increased
for elevated temperatures and for a large

applied differential input signal. For
example, the data sheet for the CA3420
MOSFET-input op-amp shows a typical

SmV change of VOS over 3000 hours of op-
eration at 125°C with 2 volts across the in-

put. This sodium-ion disease can be cured
by introducing phosphorus into the gate re-

gion. Texas instruments, for example, uses

a phosphorus-doped polysilicon gate in its
“LinCMOS” series of op-amps (TLC270
series) and comparators (TLC339 and
TLC370 series). These popular inexpen—
sive parts come in a variety of packages
and speed/power selections and maintain

respectable offset voltages with time (SOpV

eventual offset drift per volt of differential
input).

There is an important exception to

the generalization that FET op-amps,
particularly MOSFET types, suffer from

larger initial offsets and much larger
drifts 0f V0.g with temperature and time

than do bipolar-transistor op-amps. That
exception is the so-called auto-zero (or

"chopper—stabilized") amplifier, which uses
MOSFET analog switches and amplifiers
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to sense, and correct, the residual offset

error of an ordinary op-amp (which itself
is often built with MOSFETS, on the same

chip). Chopper-stabilized op-amps deliver
lower voltage offsets and drifts than even

the best precision bipolar op-amps — SuV

(max), 0.05,uV/°C (max) — but not with-
out cost. They have some unpleasant
characteristics that make them unsuited

for many applications. We will discuss
them in detail in Section 7.08.

Common-mode rejection

Insufficient common—mode rejection ratio
(CMRR) degrades circuit precision by

effectively introducing a voltage offset as

a function of dc level at the input. This

effect is usually negligible, since it is equiv-
alent to a small gain change, and in any
case it can be overcome by choice of con-
figuration: An inverting amplifier is in-

sensitive to op-amp CMRR, in contrast

with a noninverting amplifier. However, in
"instrumentation amplifier" applications

you are looking at a small differential sig-

nal riding on a large dc offset, and a high
CMRR is essential. In such cases you have

to be careful about circuit configurations

and, in addition, choose an op-amp with
a high CMRR specification. Once again, a
superior op-amp like the OP-77 can solve

your problems, with a CMRR (min) of

120dB, compared with the 411's meager
specification of 70dB. We will discuss
high-gain differential and instrumentation
amplifiers shortly.

Power-supply rejection

Changes in power-supply voltage cause

small op-amp errors. As with most op-amp

specifications, the power-supply rejection
ration (PSRR) is referred to a signal at
the input. For example, the OP-77 has a

specified PSRR of IlOdB at dc, meaning

that a 0.3 volt change in one of the

power-supply voltages causes a change
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at the output equivalent to a change in

differential input signal of lpV.

The PSRR drops drastically with in-

creasing frequency, and a graph document-
ing this scurrilous behavior is often given
on the data sheet. For example, the PSRR

of our favorite OP-77 begins dropping at
0.3Hz and is down to 83dB at 60Hz

and 42dB at lOkHz. This actually doesn't
present much of a problem, since power-

supply noise is also decreasing at higher
frequencies if you have used good bypass-

ing. However, 120Hz ripple could present
a problem if an unregulated supply is used.

It is worth noting that the PSRR will
not, in general, be the same for the positive

and negative supplies. Thus, the use

of dual-tracking regulators (Section 6.19)
doesn't necessarily bring any benefits.

Nulling amplifier: input errors

The amplifier circuit in Figure 7.1 begins
with a follower, to keep a high input im-

pedance. It is tempting to consider a FET

type, but the poor Vas specification more
than offsets the advantage of low input
current, except with sources of very high

impedance. The OP-77's 2nA bias cur-

rent gives an error of 2pV/1k source im-
pedance; a JFET LT1055A, although
giving negligible current error, would give

voltage offset drifts of l6yV/4°C (4°C is
considered a typical laboratory ambient
temperature range). The input follower

is provided with offset trimming, since
the initial ZSMV spec is too large. As

mentioned earlier, feedback bootstraps

the input impedance to 200,000M and
eliminates any errors from finite source

impedance, up to 20M (for gain error less
than 0.01%). 01 and D2 are included for

input overvoltage protection and are low-
leakage types (less than InA).

U1 drives an inverting amplifier (U2),
with R3 being a compromise between heat-

produced thermal offsets in Ul and bias-
current offset errors in U2. The value






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































