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ACTIVE FILTER
~SCILLAT~RS

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 suf~i-
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 do 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

263

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



ACTIVE FILTERS AND OSCILLATORS
264 Chapter 5

frequency. The obvious next question is
whether or not (by cascading a number
~f idertieal 'c•:'-pass filters, gay) ~v~ ;,an
generate an approximation to the ideal
"brick-wall" low-pass frequency response,
as in Figure 5.1.

Vogt ~

V~~

0
fo

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., Vout/V;,,) 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 rolloff 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 RCfilters. Graphs A and B are linear plots,
whereas C is logarithmic. The filter responses
in B and C have been normalized (or scaled)
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
on Figs. 11 and 12 from Orchard, H. J., and Sheahan, D. F., IEEE Journal of Solid-State Circuits,
Vol. SC-5, No. 3 (1970).]

(or breakpoint, however defined) is at a fre-
quency of 1 radian per second (or at 1 Hz).
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
f~. 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

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

12 14 16 18 20 22 24

frequency (kHz)
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approach the ideal brick-wall characteris-
tic.
Th ~ ~~~n ~h~~i~ of .f'.1 iii u u vui yuuui v ~.

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 ideal 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)

and the gyrator. These devices can mimic
the properties of inductors, while using
viiiy i~.~i.~7ivij CLi~l~i I~UiJCLl.1LV1J 111 [LUU1L1V11 LV

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.

EXERCISE 5.1
Show that the circuit in Figure 5.4 is a negative-
impedance converter, in particular that Z;n =
-Z. Hint: Apply some input voltage V, and
compute the input current I. Then take the ratio
to find Z;n = V/I.

z,~ _ -z

Figure 5.4. Negative-impedance converter.

z
z'" Z R R
—i NIC ~

R

r 1,

zNIC I
LTJ

_~_

Figure 5.5

EXERCISE 52
Show that the circuit in Figure 5.5 is a gyrator,
in particular that Z;n = R2/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:

Zc= 1~~wc~Zin=j~cvC'

i.e., it is inductive in the sense of generat-

ing acurrent 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:

ZC = 1~jc~C --~ Zin = j~.vCR
a

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

ACTIVE FILTERS
5.04 Key filter performance criteria

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 variety
of nice filters. We will come back to active
filter circuits in Section 5.06.

c c
input----I +~ output

R R

Figure 5.6

5.04 Key filter performance criteria

There are some standard terms that keep
appearing when we talk about filters and

try to specify their performance. It is worth

getting it all straight at the beginning.

Frequency domain

The most obvious characteristic of a filter
is its gain versus frequency, typified by

the sort of low-pass characteristic 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 cutoff frequency, f~, 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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passband
apple

} J band

~ skirt~ N~' transition region ~,m
O N

stopband a

f~

log frequency

A B

frequency (linear)

Figure 5.7. Filter characteristics versus frequency.

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 = jc.~, where
H, s, and c~ 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.

1

-~'o
v
E

frequency (linear) —y

C

terms for some undesirable properties of
filters.

~, 1.0

U

~ ~.~~,

v o.s

o.a
v
Q 0.2

0
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3~r

z,~
r

~ a

0

Figure 5.8. Phase and amplitude response
for an 8-pole Chebyshev low-pass filter (2dB
passband ripple).

5.05 Filter types

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.
Overshoot and ringing are self-explanatory

Suppose you want a Toes-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

0.5 1.0 1.5 2.0

normalized frequency
(linear scale)
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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

dift'erent 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 flattest
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

Vout 1

V n [1 + (,f lf~)2~~ 2

where n is the order of the filter (number
of poles). Increasing the number of poles
flattens the passband response and steep-
ensthe stopband falloff, as shown in Figure
5.10.

~.o

E

o.i

a
m

.~ 0.01

o.00i

normalized frequency

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-
of~' frequency f~ (f~ 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
1 dB. The Chebyshev filter responds to this
reality by allowing some ripples through-
out the passband, with greatly improved
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sharpness of the knee. A Chebyshev filter
is specified in terms of its number of poles
and passband ripple. By aiiowing greater
passband ripple, you get a sharper knee.
The amplitude is given by

Vout 1

V n ~l + EZCinlf ~fc~~ 2

where Cn 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 presents graphs comparing
the responses of Chebyshev and Butter-
worth 6-pole iow-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 f~, 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 ef~'ects of worst-case
variations in resistor and capacitor values
on filter response.

+5

0

10 ~ _5

c

m —10

—15

—20

—25

B

Figure 5.11. Comparison of some common
6-pole low-pass filters. The same filters are
plotted on both linear and logarithmic scales.

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 0.1 dB) the Chebyshev filter o~'ers con-
siderably improved sharpness of the knee

1 2 3
normalized frequency

frequency (linear) —~

1.0
normalized frequency
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as compared with the Butterworth. To
make the improvement quantitative, sup-
pose that you need a filter with flatness to
0.1 dB 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 Butterworth, 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.

Figure 5.13. Specifying filter fre-
quency response parameters.

Besse) filter

As we hinted earlier, the amplitude re-
sponse of a filter does 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, alinear-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
Besse) filter (also called the Thomson filter)
had maximally flat time delay within its
passband, in analogy with the Butterworth,
which has maximally flat amplitude re-
sponse. To see the kind of improvement in
time-domain performance you get with the
Besse) filter, look at Figure 5.14 fora com-
parison of time delay versus normalized
frequency for 6-pole Besse) 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 passbanci and stopband.

frequency (radians/s or w)

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.

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.

0.6% overshoot

i.o -

a ~ 6-pole Chebyshev (0.5dB ripple)
d

~ 6-pole Butterworth
0.5

a ~~6-pole Bessel
E

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 1 Hz.

ACTIVE 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

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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5.06 VCVS circuits

TABLE 5.1. TIME-DOMAIN PERFORMANCE COMPARISON FOR LOW-PASS FILTERSa

Step Settling time Stopband attenuation

rise time Over-

f3de (0 to 90%) shoot to 1% to 0.1% f = 2f~ f = 10f~

Type (Hz) Poles (s) (%) (s) (s) (dB) (dB)

Bessel 1.0 2 0.4 0.4 0.6 1.1 10 36

(-3.Od6 at 1.0 4 0.5 0.8 0.7 1.2 13 66

f~ = 1.OHz) 1.0 6 0.6 0.6 0.7 1.2 14 92

1.0 8 0.7 0.3 0.8 1.2 14 114

Butterworth 1.0 2 0.4 4 0.8 1.7 12 40

(-3.OdB at 1.0 4 0.6 11 1.0 2.8 24 80

f~ = 1.OHz) 1.0 6 0.9 14 1.3 3.9 36 120

1.0 8 1.1 16 1.6 5.1 48 160

Chebyshev 1.39 2 0.4 11 1.1 1.6 8 37

0.5d6 ripple 1.09 4 0.7 18 3.0 5.4 31 89

(-0.5dB at 1.04 6 1.1 21 5.9 10.4 54 141

f~ = 1.OHz) 1.02 8 1.4 23 8.4 16.4 76 193

Chebyshev 1.07 2 0.4 21 1.6 2.7 15 44

2.OdB ripple 1.02 4 0.7 28 4.8 8.4 37 96

(-2.Od6 at 1.01 6 1.1 32 8.2 16.3 60 148

f~ = 1.OHz) 1.01 8 1.4 34 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 (fl 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

273
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c,

(dc-coupled)

low pass filter

R ~

c.

high-pass filter

R ~

Rz

bandpass filter

Figure 5.16. VCVS active filter circuits.

of voltage gain K, with the remaining
Rs and Cs contributing the frequency re-
sponse 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

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 (O.SdB and 2dB passband ripple
for Chebyshev filters) for use as low-pass
or 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

y Butter-
°' worth
a° K

Chebyshev Chebyshev
Bessel (0.5dB) (2.OdB)

f„ K }~ K f„ K

2 1.586 1.272 1.268 1.231 1.842 0.907 2.114

4 1.152 1.432 1.084 0.597 1.582 0.471 1.924
2.235 1.606 1.759 1.031 2.660 0.964 2.782

6 1.068 1.607 1.040 0.396 1.537 0.316 1.891
1.586 1.692 1.364 0.768 2.448 0.730 2.648
2.483 1.908 2.023 1.011 2.846 0.983 2.904

8 1.038 1.781 1.024 0.297 1.522 0.238 1.879
1.337 1.835 1.213 0.599 2.379 0.572 2.605
1.889 1.956 1.593 0.861 2.711 0.842 2.821
2.610 2.192 2.184 1.006 2.913 0.990 2.946
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expense of some ripple in the passband),

and the Bessel provides the best phase char-

acteristics, i.e., 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 (n 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,

Rl = R2 = R, and Cl = C2 = C. As is

usual in op-amp circuits, R will typically

be chosen in the range lOk 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.

Butterworth low-pass filters

If the filter is a Butterworth, all sections

have the same values of R and C, given

simply by RC = 1/2~rf~, where f~ 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 f~ = 88.4Hz (R = 180k,

C = 0.01µF).

Besse) and Chebyshev low-pass filters

To make a Besse) or Chebyshev filter with

the VCVS, the situation is only slightly

more complicated. Again we cascade sev-

eral 2-pole VCVS filters, with prescribed

gains for each section. Within each sec-
tion we again use Rl = RZ = R, and
Ci = 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 =1/2~f~,f~. Here f~ 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 O.SdB
ripple and f~ = 100Hz will be flat within

+OdB to —O.SdB from do to 100Hz, with

O.SdB attenuation at 100Hz and a rapid
falloff for frequencies greater than 100Hz.

Values are given for Chebyshev filters with

O.SdB and 2.OdB passband ripple; the lat-
terhave asomewhat steeper transition into

the stopband (Fig. 5.17).

High-pass filters

To make ahigh-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. Aband-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 ahigh-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 unitfrequency, whereas the Chebyshev filters are normalized to O.SdB and 2dB attenuations.

illustrated previously, or the state-variable sensitivity to component values and am-
and biquad filters in the next section) plifier gain, and they don't lend themselves
should be used instead. Even asingle-stage well to applications where a tunable filter
2-pole filter can produce a response with of stable characteristics is needed.
an extremely sharp peak. Information
on such filter design is available in the EXERCISE 5.3
standard references. Design a 6-pole Chebyshev low-pass VCVS

VCVS filters minimize the number of filtor with s O.Sd6 passband ripple and 100Hz
components needed (2 poles/op-amp) and 

cuto frequency f~• What is the attenuation at
1.5f~.offer the additional advantages of nonin-

verting gain, low output impedance, small 5.08 State-variable filtersspread of component values, easy adjusta-
bility of gain, and the ability to operate at The 2-pole filter shown in Figure 5.18 is
high gain or high Q. They suffer from high far more complex than the VCVS circuits,
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1000pF

input bandpass

rigure 5.1~. Jtate-variable active filter.

but it is popular because of its improved
stability and ease of adjustment. It is
called astate-variable filter and is available
as an IC from National (the AF100 and
AF 150), Burr-Brown (the UAF series), and

others. Because it is a manufactured
module, all components except RG, RQ,
and the two RFs 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 external 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 RG together
determine the Q and band-center gain:

RF = 5.03 x 107/ fo ohms

RQ = 105/(3.48Q + G — 1) ohms

RG = 3.16 x 104Q/G ohms

So you could make atunable-frequency,
constant-Q filter by using a 2-section 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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A filter with indepen-
dently settable gain and Q.

bandpass

Figure 5.20. Biquad active filter.

EXERCISE 5.4
Calculate resistor values in Figure 5.18 to make
a bandpass filter with fo = 1 kHz, 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:

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 = 1/2~rRFC
BW = 1/2~rRBC
G = Rs/Rc

fo = 1 /2~rRFC

Q = R1~RR
G = Ri~Rc
R :., lOk (noncritical, matched)

The Q is given by fo/ BW and equals
RB/RF. As the center frequency is varied
(via RF), the Q varies proportionately,
keeping the bandwidth Q fo constant.
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When you design a biquad filter from

scratch (rather than with an active filter IC

that already contains most of the parts),

the general procedure goes something like

this:
1. Choose an op-amp whose bandwidth fT

is at least 10 to 20 times G fo.

2. Pick around-number capacitor value in

the vicinity of

C = 10/ f~ µF

3. Use the desired center frequency to

calculate the corresponding RF from the

first equation given earlier.

4. Use the desired bandwidth to calculate

RB from the second equation given ear-

lier.

S. Use the desired band-center gain to

calculate RG from the third equation given

earlier.
You may have to adjust the capacitor

value if the resistor values become awk-

wardly large or small. For instance, in

a high-Q filter you may need to increase

C somewhat to keep RB from becoming

too large (or you can use the T-network

trick described in Section 4.19). Note that

RF, RB, and RG each act as op-amp loads,

and should not become less than, say, Sk.

When juggling component values, you may

find it easier to satisfy requirement 1

by decreasing integrator gain (increase RF)

and simultaneously increasing the inverter-

stage gain (increase the I Ok 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 = 0.01µF. Then

we find RF = 15.9k (fo = 1 kHz) and

RB = 796k (Q = 50; BW=20Hz). Finally,

RG = 79.6k (G = 10).

EXERCISE 5.5

Design a biquad bandpass filter with fo = 60Hz,
BW=1 Hz, and G = 100.

Higher order bandpass filters

As with our earlier low-pass and high-
pass filters, it is possible to build higher
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 equiripple

filters, for which it is the width between
frequencies at which the response falls out

of the 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 design programs

that run on inexpensive workstations (IBM

PC, Macintosh).

❑ 5.09 Twin-T notch filters

The passive RC network shown in Figure

5.21 has infinite attenuation at a frequency

f~ = 1/2~RC. Infinite attenuation is

R R

.n = 2C oUt

c - c

R/2

Figure 5.21. Passive twin-T notch filter.
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i n

out

Figure 5.22. Bootstrapped
twin-T.

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 f~. 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 f~, where its response drops like a
rock. For example, atwin-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 1Hz to SOkHz, 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.

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 significant range 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

,fnotch = 1~2~C 3R1R2

Figure 5.23B shows an implementation
that is tunable from 25Hz to 100Hz.
The SOk trimmer is adjusted (once) for
maximum depth of notch.
As with the passive twin-T, this filter

(known as a bridged differentiator) 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 of
the pot with a voltage gain somewhat less
than unity (as in Fig. 5.22). Increasing
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Figure 5.23. Bridged dif~'erentiator tunable-
notch filter. The implementation in B tunes
from 25Hz to IOOHz.

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.

❑ 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
5.11 Switched capacitor filters

1 z = Z
1z3Z5

m zzz4

Figure 5.24. Gyrator.

being replaced by resistors, creating an in-

ductor L = kC, where k = R1R3R5/R2.

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 op-

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 1000pF

capacitors into his IC. IC manufacturers

have solved those problems, but at a price:

The AF 100 "Universal Active Filter" IC

from National is a hybrid IC and costs

about $10 apiece.

281

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



ACTIVE FILTERS AND OSCILLATORS
282 Chapter 5

c2

S~ S~i i~~„ i ~Ji + o~~
i ~' i

f~ ~o~~ = fob' ~ v;~ dr
N 1Jl 2

c

R
V;,,

~~~,~

i
— Vom=RCJV~dt

Figure 5.25. A. Switched-capacitor integrator
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 Si
is closed, Cl charges to U;n, i.e., hold-
ing charge C1V;,,; on the alternate half
of the cycle, Cl discharges into the vir-
tual ground, transferring its charge to C2.
The voltage across CZ therefore changes by
an amount OV = OQ/CZ = V;nCl/C2.
Note that the output voltage change during
each cycle of the fast square wave is pro-
portional to V;n (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.

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 MF 10)
costs $2 (compared with $10 for the con-
ventional AF 100) 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 astate-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 MFS 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 shows just how easy it is to use the
dedicated type.
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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

IOmV 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

sig in
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MF4 as a 1kHz low-pass filter (i.e., set

fciock = 100kHz), any input signal energy

in the range of 99kHz—lO1kHz will appear

in the output band of do-1kHz. 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 1/ flow-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 do value. A nice

solution is provided by the clever folks at

Linear Technology, who dreamed up the

LTC 1062 "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 do 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

;̀.
----~ ~~

~~ — _.'T—
r-~ ~~~~ ~

~~

ae = ~ik~ 100

-5v Figure 5.27. LTC1062 "dc-accurate" low-pass filter.
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ground. The result is zero do error, and
switched-capacitor-type noise only in the

.~ v v av^uvu ~a ig. ✓.[.Uf.

50

40

> 30
Y

N0
C

zo
a

0

Figure 5.28

frequency (Hz)

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 do to a few tens of kilohertz, as set
by the clock frequency. The characteristic
frequency is a fixed multiple of the clock,
usually 50 f~~~ or 100 f~~~. Most switched-
capacitor filter ICs are intended for low-
pass, bandpass, or notch (band-stop) use,
though a few (e.g., the AMI 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

the obvious case of signal generators, func-
tion generators, and pulse generators them-
seives, asource 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 do 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 maybe 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 os-
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

o~
0.1 1 10 100 tk 10k
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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 (iYs actually atoss-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 LM 10 also

swings rail-to-rail and, unlike CMOs op-

OSCILLATORS
5.13 Relaxation oscillators

V,

-/ V_
f

amps, allows operation at a full ~ 15 volts;

however, it has a much lower fT (0.1 MHz).

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.

R~ = 10RZ

f ° RC

~ 5 ̂  ~--~
o I U L

"CMOs inverters"

leach is 6 of a 74HC04;

powered from +5V1

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
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i,~
modulation in

Figure 5.31. Low-noise oscillator.

on this circuit running at 100kHz 5.14 The classic timer chip: the 555
show close-in sideband noise power
density (power per square root hertz,
measured 100Hz from the oscillator
frequency), down at least 85dB rela-
tive to the carrier. You sometimes see
a similar circuit, but with RZ 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/ Hz measured 100Hz from
the 150kHz carrier, and —100dBc/ Hz
measured at an offset of 300Hz. 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.

The next level of sophistication involves
the use oftimer orwaveform-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 Ucc) 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
3 UCC, and the THRESHOLD is activated
by an input level above 3 Ucc
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 Qi to turn
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t~

~3 UCC

V thr
~ cc

dis

5V

2V

D

Figure 5.32. Simplified 555 schematic.

+iov

R $ 4
A

t Ok Vcc reset
7

discharge

RB

10k 32 555 out
trigger ~(

s
threshold

C ground
O.IµF~ 1

~~~
z
3 ~~~
3 ~~~

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 3 [/cc, the THRESHOLD

input is triggered, causing the output to

go LOW and Q1 to turn on, discharging

C toward ground through RB. Operation

is now cyclic, with C's voltage going

between 3Ucc and 3Vcc, with period

T = 0.693(RA + 2RB)C. The output

you generally use is the square wave at the

output.

EXERCISE 5.8
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
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single pulses of arbitrary width, as well
as a bunch of other things. It is really a
cma]~ kits ~~~,ra;ning e~!mgaraters, bates,
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.
A caution about the 555: The 555, along

with some other timer chips, generates a
big (~ 150mA) 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 555s

Some of the less desirable properties of
the 555 (high supply current, high trigger
current, double output transitions, and
inability to run with very 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 1 V!) 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 -I- RB, but

reset

1.5M ~µ~ 10kHz

2 ICL7555 ~L
trig 3

out

6 thresh
gnd

8k

C ~ 1N914

100pF~

Figure 5.34. Low-duty-cycle oscillator.

discharged (more rapidly) through RB
alone. Figure 5.34 shows how to trick the
555 into giving you low duty-cycle posi-
tive pulses. The diode/resistor combina-
ti~on 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 3 T/cc, then
discharges rapidly (through the 555's npn
discharge transistor, pin 7) to 3 Uce, 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 IDss 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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+15V

G'/ iC

a
~~~

1 20k ~ TH 555 out '"

2 ~
TR

7 ❑IS

50µA —

+io
+5 ~~

+ /I/1/I/
1 kHz

0.01µF - sawtooth out

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

behaves like a normal diode in the reverse
direction, owing to gate-drain conduction).
Thy iuli-i.v-iaii ~iii~ii`L JJviil~ L11UJ ~CIICIALCS

a constant current, of alternating polarity,
producing a triangle waveform (going be-
tween the usual 3 Ucc and 3Vcc) 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 1 V) 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.

+15V *alternative ~!
bidirectional

/► current
1 N5287' 4 8 regulator:
10.33mA) R Ucc

6 TH 7555 out 3 1N5287
(or REF200) /TR

2
gnd 1N914

0.1µF

~ M/ 1 KHz
triangle out

0.033 -
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 the Intersil 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 designs like the LM331,

8038, 2206, and 74LS624-9 series.

The 74LS624 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 LM331 is actually an example of a

voltage-to-frequency (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 the 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

OSCILLATORS
5.16 Quadrature oscillators

not-too-great sine wave. VCO chips some-

times have an awkward reference for the

control voltage (e.g., the positive 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 IOHz to lOkHz built with

the LM331.
When shopping for VCO chips, don't

overlook the ICs known as phase-locked

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 oscillators

There are times when you need an oscil-

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 asine-wave 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). Here are some methods that do

work:

❑ Switched-capacitor resonator

Figure 5.38 shows how to use an MFS

switched-capacitor filter IC as aself-excited

291
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+5V

T

filter LM331 Vcc

100k 7 signal
V~~

0.1 m

1

RT

6.19k
1%

+5
RC 5

CT

0.01µF R
5~ ~6 Pimp

1 ~P~~np OUY 3 OUS

~.89V VEE

2 Q
1.Oµ F

RS =
0.478 RS

47 
R~ 10.Ok 

~ R C R V'"100k < <

gain
5k

Figure 5.37. Typical V/F converter IC (0 to lOkHz VCO).

~~

~os~z~~oo`~

ud-capa~itur yuadrature
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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TABLE 5.4. SELECTED VCOs

Max
freq

Type Mfga Familyb (MHz) Outputs°

Supply voltage

min max
(V) (V)

linearity
(at 10kHz) Comments

VFC32 BB+ L 0.5 OC ±9 ±18 0.01% Indus. sYd; good linearity

VFC62C BB L 1 OC ±13 ±20 0.002% excellent linearity

VFC110B BB L 4 OC ±8 ±18 0.005% fast, exc lin, int Vret

74S124 TI T 60 SQ 4.75 5.25

74LS624-9 TI T 20 SQ 4.75 525

74LS724 TI T 16 SQ 4.75 5.25 mini-DIP

215 XR L 35 SQ 5 26 PLL

LM331 NS L 0.1 OC 4 40 inexpensive, good linearity

AD537 AD L 0.1 OC 4.5 36 0.07%

566 SN L 1 SQ,T 10 24

AD650 AD L 1 OC ±9 ±18 0.005% excellent linearity

AD654 AD L 0.5 OC 4.5 36 0.1 %d inexpensive

1648 MO E 200 P -5.2

1658 MO E 130 P -5.2

XR2206 XR L 0.5 SQ,T,SW 10 26 2% 0.5%sine dist (trimmed)

XR2207 XR L 0.5 SQ,T 8 26 1

XR2209 XR L 1 SQ,T ±4 ±13 1

XR2212 XR L 0.3 SQ 4.5 20 PLL

XR2213 XR L 0.3 SQ 4.5 15 PLL

4024 MO T 25 SQ 4.75 5.25

4046 RC+ C 1 SQ 3 15 CMOS PLL

HC4046 RC+ C 15t SQ 3 6 fast 4046

4151 RA L 0.1 OC 8 22 0.013%

4152 RA L 0.1 OC 7 18 0.007%

4153A RA L 0.5 OC ±12 ±18 0.002% excellent lin, easy to use

8038 IL L 0.1 SQ,T,SW 10 30 0.2% Exar 8038 to 1 MHz

TSC9401 TP L 0.1 OC ±4 ±7.5 0.01% V/F, linear, stable

~a~ see footnotes to Table 4.1. ~b~ families: C -CMOS; E- ECL; L -linear; T -TTL. ~0~ outputs: OC -

open collector, pulses; P -pulses; SQ -square waves; SW -sine waves; T -triangle. ~d> at 250kHz.

converts this to asmall-amplitude (1 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 folk/ 100. The

circuit is usable over a frequency range

of a few hertz to about lOkHz 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 the switched
filter.

❑ Analog trigonometric-function generator

Analog Devices makes an interesting non-

linear "function IC" that converts an in-

put voltage to an output voltage propor-

tional to sin(AU;,,), where the gain A is

fixed at 50° per volt. In fact, this chip,

the AD639, can actually do a lot more: It

has four inputs, called Xl, X2, Yl, and

YZ, and generates as output the voltage

Vo„t = sin(Xl - XZ)/ sin(Yl - Y2). Thus,
for example, by setting Xl = Yl = 90°
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triangle

Figure 5.39. Trigonometric-function oscillator.

(i.e., +1.8 volt), YZ = 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 do to about 1MHz.

❑ 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

~ -.

V
sine out

cosine out

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 loes-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
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diode limiter at V~--R~IV,S~ -F V~~,,,,~,,)
2

Figure 5.40

- vS

output, v~,

~.s

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

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.

❑ 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
difference 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 180°-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
f0.5° error over a 100:1 frequency range.

A R B R C R ~ R
0°

C c c c

Vl tl 2 4 8

R R R R
90°

C
signal

c
Z

c
4

c
8 quadrature

inputs
outputs

R R R R
y80°

C ~ ° ~

— Vltl 2 4 8

R R R R 270

C c c c

Figure 5.41. Phase-sequence
a e c a network.
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❑ Quadrature square waves

Fpp the crv~ri~l C~SP ^f SQLlK.~ :3'?.:'~SY---
generating quadrature signals 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 do to
at least 100MHz.

❑ Radlofrequency 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 1 GHz) these
take the form of small core-wound trans-
formers, while at higher frequencies you
find 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).

❑ 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

generating the inverted (180°-shifted) sig-
nals, I' and Q', with an inverting amplifier
of gain GV = —1.

❑ 5.17 Wien bridge and LC oscillators

When slow-distoRion 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 aself-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 avariable-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 1 kHz; 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 avoltage-variable

resistance for small applied voltages (see

Section 3.10). Note the long time con-

stant used (2s); 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.

❑ 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 avoltage-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 f 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 (100pF) shunted

by a small tunable capacitor (maximum
value of 15pF). Note the large biasing re-

sistor (so the diode bias circuit doesn't load

the oscillation) and the do blocking capaa
itor. See also Section 13.11.
Varactors typically provide a maximum

capacitance of a few picofarads to a few

# 327 lamp
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Colpitts oscillator
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CE

Figure 5.43

CF 47pF

output

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 f25% or
so.

In varactor-tuned circuits the oscillation
itself (as well as the externally applied do
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

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 do 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 aclose 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.

❑ Parasitic oscillations

Suppose you have just made a nice ampli-
fier and are testing it out with asine-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.

Hartley LC oscillator
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+12V

15 pf
mica

100k

+1V to +12V

± 1 %tuning
1N5465A

rf out

I - - -
= Figure 5.45. Voltage-tuned LC oscillator.

The circuit in Figure 5.46 shows an os-

cillating current source born in an electron-

ics lab course where a VOM was used to
measure the output compliance of a stan-

dard transistor current source. The current

seemed to vary excessively (5% to 10%)
with load voltage variations within its ex-
pected compliance range, a symptom that
could be "cured" by sticking a finger on

the collector lead! The collector-base

299
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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 1kHz 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

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 crystal's 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.

RS

L CM

cs

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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as feedback element is used in C. The re-
maining circuits generate logic-level out-

puts using digital logic functions (D and
E).

+so°

k

f --~

izi

r—+

Figure 5.48

The last diagram uses the convenient
MC 12060/ 12061 series of crystal oscillator

circuits from Motorola. These chips are in-

tended for crystals in the range 100kHz to
20MHz 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., 1, 2, 4,

5, 6, 8, 10, 16, and 20MHz), 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 % (100ppm),
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 wire 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 IOMHz, 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 100kHz, 1.OMHz,
2.OMHz, 4.OMHz, S.OMHz, and lO.OMHz

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 2

15

to get 1 Hz), 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 aquartz-crystal oscillator.
The resulting circuit is called a "VCXO"
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Figure 5.49. Various crystal oscillators.

(voltage-controlled crystal oscillator), and oscillator) with somewhat better perfor-
combines the good-to-excellent stability of mance. Both TCXOs and uncompensated
crystal oscillators with the tunability of LC oscillators are available as complete mod-
oscillators. The best approach is proba- ules from many manufacturers, e.g., Bliley,
bly to buy a commercial VCXO, rather CTS Knights, Motorola, Reeves Hoffman,
than attempt to design your own. Typ- Statek, and Vectron. They come in various
ically they produce maximum deviations sizes, ranging down to DIP packages and
of f l Oppm to f 100ppm from center fre- TO-5 standard transistor cans. TCXOs
quency, though wide-deviation units (up to deliver stabilities of 1ppm over the range
~1000ppm) are also available. 0°C to 50°C (inexpensive) down to O.lppm
Without great care you can obtain fre- over the same range (expensive).

quency stabilities of a few parts per mil-
lion over normal temperature ranges with

Temperature-stabilized oscillatorscrystal oscillators. By using temperature-
compensation schemes you can make a For the utmost in stability, you may need a
TCXO (temperature-compensated crystal crystal oscillator in aconstant-temperature
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oven. A crystal with a zero temperature
coefficient at some elevated temperature
(80°C 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-
Packard is typical of high-performance
modular oscillators, delivering IOMHz
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-

fectsbecome 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 part
to the gradual relief of strains, and they
tend to settle down after a few months,
particularly in awell-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 afew parts in 1014. Recent
research in stable clocks has centered on

techniques using "cooled ions" to achieve

SELF-EXPLANATORY CIRCUITS
5.20 Circuit ideas

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 1 kHz.
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 atriangle-wave oscillator with
a 555. Use a pair of current sources Io
(sourcing) and 2Io (sinking). Use the 555's
output to switch the 2Io current sink on

and off appropriately. The following figure
shows one possibility.

v,

~~r output

Figure 5.50

303

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



Circuit ideas

~~~

v~~ -~f
ground — U

must
shorter
output F

trig
input

A. monostable multivibrator

0.001 
~Ok +5

— r5 1k

LM393 
out

comparator

22k u
+5 +

k

47k

10Mn1

tk

T=1.1RC

J ~

output

L

103H

8. active inductor

cosine
output

304
D. relaxation oscillator

C. 1 Hz quadrature oscillator

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



R

C,

RZ 10t2

C,,,

L

out

ECL receiver

10116

f_ 0.32 +

RC

3.9k

~C R - 5.2

R = 200 to 1000St

H. high-frequency ECL multivibrator

R. R. C

f_ V,,, R~ +RZ 1

VR 2R2 RC

I. voltage-to-frequency converter

*-~-A

out

305

in R3C2=(t+A) o

A=R3=4Q2- 1 `~
2

E. tuned amplifier; works for /o up

to /r~2Q. P~oc. lEEf 60, 908 119721

/r  ̀~ ~ ... . 
H2

1 Rseries = R2

F. capacitance multiplier

G. emitter-coupled LC oscillator

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



Circuit ideas(cont.)

o.oa~

16.2k 24.9k 76.8k

0.1 0.01
f~ = 100Hz

J. 3rd-order Bessel low-pass filter
scale values for other frequencies

150k

_~Ak _ OP-77 ~

301k

4.99k

V ao~.a
0-10V

20µA

— 15 to 1 mA

= +

C

T1000pF

13600 12 sections)

K. wide-range VCO (2Hz—t00kHz) with
transconductance amplifiers

— ±2.5V

+ LF41 1

+ 15

28.7k 
comp.

~1 mA

+ 

, L.J
2.49k

306

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



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 do
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 120Hz ripple. Fortunately, it is easy

to construct stable power supplies using

negative feedback to compare the do 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

do input (from a transformer-rectifier-

capacitor combination, a battery, or some

other source of do 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 of the 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 µA723 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.
307
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frequency
V+ compensation
O

ieniNeraiure~ 
^ COMPcompensated

zener

V~

lNV —

Vr error series pass
e~ amplifier transistor

N/ +

Vou~

voltage b 
current 6 C current ~ VZreference

amplifier V_ limit CL CS sense

Figure 6.1. Simplified circuit of the 723 regulator. (Courtesy of Fairchild Camera and Instrument
Corp.)

v, v~

o,
6.2 V

Vo~~

VZ

compensatior

current
limit

current
sense

Vfe~ noninverting ~_ inverting
input input

Figure 6.2. Schematic of the 723 regulator. (Courtesy of Fairchild 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 apower-supply

kit, containing atemperature-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
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what you want. Before going on to design

regulators with it, lets 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 Qs's base-emitter

drop (remember, VBE 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%/°C). Q4 through

Q6 are arranged to bias D2 at I = VBE/R8

via negative feedback at dc, as indicated

on the block diagram. QZ and Q3 form

an unsymmetrical current mirror to bias

the reference; current to the mirror is set

by Dl 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).
Qli 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

IQs, Qio, and Q13), driven in turn from

current mirror Q7 (Q3, Q7, and Q$ all
mirror the current generated by the Dl ref-

erence, as we mentioned in Section 2.14).

Q11's collector is tied to the fixed positive

voltage at Q4's emitter, and the error am-

plifier's output is taken from Q12's collec-

tor. Current mirror Q8 supplies the latter's

collector load. Q14 drives the pass transis-

tor Q15, in snot-quite-Darlington connec-

tion. Note that Q15's collector is brought

out separately, to allow for separate pos-

itive supplies. By turning on Qls 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

dissipation. The SG3532 and LAS1000
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 VaE
drop applied across the CL-CS inputs will

turn on the current-limiting transistor

(Qis in Fig. 6.2), shutting off base drive

to the output pass transistor. The IOOpF

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 t0

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. Rl 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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unregulated
i nput

r--~

~ V,ei
~ 7.15V
L

regulated
output

Figure 6.3. 723 regulator: [/ouc > Vref•

r—
~ V~
~ 7.1~J

+V,,, (unregulated)

+5V 50mA output

Figure 6.4. 723 regulator: Uo„t < Vref•

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

1.5k 20V
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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 (0.01-0.1µF) and electrolytic or
tantalum types (1-10µF).
For output voltages less than Vref~

you just put the voltage divider on 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 SOmA 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 Vref• In 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 0.5Tjref•

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

deliver more than about 80mA to the load.
To construct ahigher-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 f 1 volt adjustment from

the nominal output voltage. Note the
low-resistance high-power current-limiting
resistor necessary fora 2 amp supply.

Pass transistor dropout voltage

One problem with this circuit is the high

power dissipation in the pass transistor

(at least lOW 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 lOSV ac line input).

Overvoltage protection

Also shown in this circuit is an overvoltage

crowbar protection circuit consisting of
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r_—~ V~~ (unregulated)
~ V ~ +9.5V (min)

fey L~
~ i.i5v ~

~ ~J ----
1.Ok V{ ~c 3A fuse

r ~ "slow-blow"

N I I
2.5k 0 +

set
output

3.9k INV _ 
I Vo Qi

2N3055 +heat sink

= i

i ~CL

1 723 I 100
L— --- —~ 0.2552, 3W

COMP CS output
+5V

100pF 2A

1.5k ~i Q1 + 10 FN
1 N4734 2N4441~ ZOV
(5.6V) SCR

3352

Figure 6.5. Five volt regulator with outboard pass transistor and crowbar.

D1, 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). QZ 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

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-
essary 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 115 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).
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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, B, 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
Bic, the thermal resistance from case to
heat sink, 6cs, and the thermal resistance

from heat sink to ambient BSA. The
temperature of the junction is therefore

T~ = TA + (B~c + Bcs + BsA)P

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 (lOV 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 150°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
641 heat sink (Fig. 6.6) has a thermal resis-
tance from sink to ambient of about 2.3°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 134°C
(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

1. 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 fT CcbU Pdiss TJ

npn pnp Pkga
max
(V)

max
(A)

hFE
typ

I~
@ (A)

min
(MHz)

typ
(pF)

(T~-25`C)
(W)

n~~
(°C/W)

max
(°C) Comments

Regular power: V~E(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 purl
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 job
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 premium audio

Darlington power: V~E(sat) = 0.8V (typ); VBE(on) = 1.4V (typ)
2N6038 2N6035 A 60 4 2000 2 — 30 40 3.1 150 low cost
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

~a~ A: small plastic pwr pkg (TO-126). B: large plastic pwr pkg (TO-127). ~b~ Cab (npn)at V~B=10V; Cep(pnp) = 2C~b (npn).

transistor-shape cutouts made from mica,
insulated aluminum, or beryllia (Be0).
Used with heat-conducting grease, these
add from 0.14°C per watt (beryllia) to
about 0.5°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 0.2-0.4°C per watt, com-
parable to values with the messy method.
Bergquist calls its product "Sil-Pad,"
Chomerics calls its "Cho-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.
S. 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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T6107 22 18 76

1 E 1000-03
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I E2000-06
T 6421 1.3 1.1 1.0

W 421
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.~
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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 Clow 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 17.5°C per watt, is fitted with an
IERC 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-
enttemperature?

❑ 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 (l OV 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

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-
sar}: 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 Shnrt-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 +15.5
volts while its emitter is at +15 (VBE is
about O. S V 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 Q1'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 "stag up"
into a normal load. The short-circuit
current should not be too small; as a
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i nput (+25 to +30V, unreg)

V, ~~
r----,
~ 7.15V I 

N ~--- ----- —

~ ~ +
L--e~ —J 1.5k ~ ~

~ ~ ~ Q
I NV~ I Vo ~

— 2N3055
/ ~ +heat sink

~ Q ~ Cc
L

RZ

723 1.5k RS
L--- --- ---~ i.os~comp Cs output

+ 15V

100pF R~ 3.Ok + 10µF 
zA

1 5k ~ 20V

A 2.7 k

Amax —
RsL\1 

+Ri/Vef+R Urae
J

V,o9

Vouc

ack

I ~ioaa

ime. _ RZ ~~e9 Figure 6.7. A. Power regulator with foldback current
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rough guide, the short-circuit current 6.06 Overvoltage crowbars

limit should be set at about one-third the As we remarked in Section 6.03, it is
maximum load current at full output often a good idea to include some sort
voltage. of overvoltage protection at the output of

a regulated supply. Take, for instance,

EXERCISE 6.3 
a -I-S volt supply used to power a large

Design a 723 regulator with outboard pass tran- 
digital system (you'll see lots of examples

sistor and foldback current limiting to provide 
beginning in Chapter 8). The input to

up to 1.0 amp when the output is at its regu- the regulator is probably in the range of

lated value of +5.0 volts, but only 0.4 amp into -I-10 to + 15 volts. If the series pass

a short-circuit load. transistor fails by shorting its collector
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to emitter (a common failure mode), the
full unregulated voltage will be applied
to ine circuit, wiin devasiaiing 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 awide-range
"bench" supply, where the unregulated
input may be 40 volts or more, regardless
of the output voltage.

+5V (regulated) +5V (regulated)

1 N52328 +
5.6V Lambda
5% 2N4441 L-6-OV-5

Motorola
MPC2004

6852

Io.,,~ F -

Figure 6.8. Overvoltage crowbars.

❑ 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 2N4441 can sink 5 amps continuously
and withstand 80 amp surge currents; its
voltage drop in the conducting state is typ-
ically 1.0 volt at 5 amps. The 68 ohm re-
sistor is provided to generate a reasonable
zener current (l OmA) at SCR turn-on, and
the capacitor is added to prevent crowbar
triggering on harmless short spikes.

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 VI 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
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a tricky problem. In 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.

❑ IC 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 IC such as the

MC3423-5, the TL431, or the MC34061-

2. These inexpensive chips come in con-

venient packages (8-pin mini-DIP 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 of overvoltage protection

modules in several current ranges. You

just pick the voltage and current rating

you need, and connect the crowbar across

the regulated do output. For example,

the smallest units from Lambda are rated

at 2 amps maximum, with the following

HEAT AND POWER DESIGN

6.06 Overvoltage crowbars

set of fixed voltages (SV, 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 (SV,

12V, and 15V only, rated at 7.SA, 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 f 0.2 volts.

❑ 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

1 N 5347
(10V)

2N3055

1.Ok
"Vz = 10.6V

up to 10A

Figure 6.9. Active power zener.

the circuit of an "active zener." Unfortu-

nately, acrowbar constructed from a power

zener clamp has its own problems. If the

regulator fails, the crowbar has to contend

with high power dissipation (Vzenerllimit~
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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.

D 6.07 Further considerations in
high-current power-supply design

❑ Separate high-current unregulated
supply

As we mentioned in Section 6.03, it is
usually a good idea to use a separate supply
to power the regulator in very 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 (lOSV) as well as
transformer and capacitor tolerances.

❑ Connection paths

With high-current supplies, or supplies
of highly precise output voltage, careful
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

shown, to which the unregulated supply,
reference, etc., are all returned. The prob-
~P.jll (~f i„inrr a»f.~.~: Ci 

V~,1*.,..o .7 «...,... ~--..p» v.~ug~. uiv~l~ iu ̀L11G

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

Figure 6.10. Apower-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.

❑ 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
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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.

R 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-

sistors: A phenomenon known as "sec-

ond breakdown" restricts the simultaneous

Figure 6.11. Use emitter ballasting resistors

when paralleling 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 UcE > 40 volts,

second breakdown limits the do collector

current to values corresponding to less

HEAT AND POWER DESIGN
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250µs

20 ~ 5µs

a 500µs~"~~~
5.0 ~~`"

T~ = 25°C 1.Oms
~ 3.0 d~,

" Z.O0
~ 1.0 

—bonding-wire-limited

~ -----thermally limited @ T~ = 250"C

~ 0.5 (single pulse)

0.3 second-breakdown-l imited

0.2 ~ _L - -- -- ~_ l
3.0 6.0 10 20 30 60

VIE, 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

UcE > 10 volts, second breakdown limits

the npn transistor do 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 1 ms 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.

❑ 6.08 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

Q
0
U

BVCE

~~E, vos ~v~

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

high Rc~
current + Q ~ Va„~

unregulated
supply

— Qz
R~

adjust
output

+ R
z

ioW
current

split negative
supply _ _~~ reference

—Vret out

Figure 6.14. Regulator adjustable down to zero
volts.

6.13. Safe operating areas
red: bipolar npn power

uans~stor versus n-channel power
MOSFET of same ratings.

power for the regulator and also gener-
ates an accurate negative reference voltage
(more on references in Sections 6.14 and
6.15). Rl 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. Rl
now sets the scale of V~ontTot•

Digital programmability can be added
by replacing Vref 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
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(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 RZ with

the DAC, you get a digitally programmed
supply, with step size of 1/4096 (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, Rl would be

adjusted to set a convenient scale for the

output, say 1 mV per input digit.

Figure 6.15

R2

❑ 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. ICl is ahigh-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
6.09 Power-supply circuit example

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 avariable-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?

Rl 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 (Sppm/°C tempco at 7.SmA 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 ICl, which has
unity gain to the output while operating at
low current. By providing both precision-
regulated voltage (all the way down to OV)
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 aconstant 100mA 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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Q~ QZ Q3 IRF 143

40V 120W
3A total heat sink

laboratory supply 0-30V
0-2.5A

1 N4004

15,000µF + 0.1A
50V class A 1 mA

100
+sense

sink
~

R~

voltage decapot

HA2645
etc. +

µF1 V/kSZ 0-35V V 50V R~

ICS

+45V +

-sense
100

0.1A "~ +
supply ~ +45V O.lOS2

0-3A ~~W ~~ I0.03mA

-15V
~a

ICz

1436 R
2 current

10k
1 N829

~W6.2V 6.2k - 1 5V select for 0.3V15052 select
3W reference 200k across current-limiting

resistor potentiometer

f
-6.2 V

8.5mA
current sink

Figure 6.16. Laboratory bench supply.
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1 A-SB — —

Y

m 115Vac ~ i 100

~ 60Hz

IEC
power ~
entry

rn —

3 ~ T ~ °k~
V130LA10A L----___—_—__J

transient ac line filter

suppressor Corcom 1 R1

lOVrms
3A FW bridge

Varo VH247
-- --,

~ ~

I I ~ ~
— ~ ~ 1.Ok

vow
L-- --~ +
/ ~ LED

Stancor ~ZOOOµF 25V MV6151
P-8380 Sprague —

36D123G025AF2A

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 ICs

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 LAS 1000 and
LAS1100 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

(burnout!). Although these regulators have
the same pin names, you can't just plug

these regulators into a socket intended

fora 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 723s, 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 none!).
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 l0A) 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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6.11 ac line components

Three-wire connection

Always use a 3-wire 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.

(RFI) from the instrument via the power
line, as well as filterine nut incoming intPr-
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 1 kV
to SkV 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 (iYs 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

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

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
S07K130 Siemens 0.35 6 500 130

V130LA10A GE 0.65 30 4000 1000
S14K130 Siemens 0.67 22 2000 1000

V130LA206 GE 0.89 50 6000 1900
S20K130 Siemens 0.91 44 4000 2300
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TABLE 6.3. 115 VOLT AC POWER FILTERS (IEC CONNECTORa)

Attenuationb
(line-to-gnd, 5052/5052)

Current 150kHz 500kHz iMHz

Manuf. Part No. Circuit (A) (dB) (d6) (d6) Comments

Corcom 3EF1 n 3 15 25 30 general purpose

3EC1 rt 3 20 30 37 higher attenuation

3EDSC2-2 rz 3 32 37 44 with fuse

2EDL1 S ~ 2 14 — 24 with fuse and switch

Curtis F2100CA03 n 3 15 25 30 general purpose

F2400CA03 rz 3 22 35 40 higher attenuation

F2600FA03 ~ 3 21 35 41 with fuse

PE810103 n 3 18 24 30 with fuse and switch

Delta 03GEEG3H ~ 3 24 30 38 general purpose

03SEEG3H dual-r~ 3 42 65 70 higher attenuation

04BEEG3H n 4 26 35 40 with fuse

03CK2 rz 3 35 40 40 with fuse and switch

03CR2 dual-n 3 50 60 55 same, higher attenuation

Schaffner FN323-3 n 3 22 32 36 general purpose

FN321-3 rz 3 35 43 46 higher attenuation

FN361-2 n 2 25 40 46 with fuse

FN291-2.5 n 2.5 25 40 46 with fuse and switch

FN1393-2.5 n 2.5 40 45 42 same, higher attenuation

Sprague 3JX5421A n 3 15 25 30 general purpose

3JX5425C n 3 20 30 37 higher attenuation

200JM6-2 rz 6 12 25 — with fuse

~a~ these unit are representative of a large selection, many of which do not include an IEC input

connector. ~~ rt attenuation figures are measured in a 5052 system, and should not be relied upon

to predict performance in an ac line circuit.

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,

but you're probably wrong. Ado 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.). (c) When

wiring cartridge-type fuse holders (used

with the popular 3AG 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
way!). 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-
shrinktubing, for instance (the use of "fric-
tion tape" or electrical tape inside elec-
tronic instruments is strictly bush-league).
Since most transistorized circuits operate
oi~ ielalively luw etc voltages (f15V to
f30V 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).

Our circuit shows an LED pilot light
(with current-limiting resistor) running
from the unregulated do 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 0.1µF 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

Nnw 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
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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, fora +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 do 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 (lOSV). 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 do 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 IZR 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 atransformer of larger rating. Full-

wave rectification is better in this respect,

since a greater portion of the transformer

waveform is used.

6.13 do 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

K~~~
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regulator looks just like aconstant-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).

dV I
dT C Pp r~PP1e' C

0

N r
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 atransformer with a 10 volt rms sec-
ondary, to give an unregulated do 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.SV, but the con-
venient 3-terminal regulators discussed in
Section 6.16 are more friendly). Since you
have to contend with a f 10% 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/C

from which C=4000µF. A 5000µF 25 volt
electrolytic would be a minimum choice,
with allowance fora 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

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.

Rect►fier

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 6.41ists
a selection of popular types.

Typical of rectifiers is the popular
1 N4001-1 N4007 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 alead-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 1 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., do-to-dc converters, see
Section 6.19), fast-recovery diodes are
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TABLE 6.4. RECTIFIERS

Breakdown Forward Average
voltage drop current

VBR uF typ @ ~p

Type (V) (V) (A) Package

General purpose
1 N4001-07 50-1000 0.9 1 lead-mounted

1N5059-62 200-800 1.0 2 lead-mounted

1N5624-27 200-800 1.0 5 lead-mounted

1N1183A-90A 50-600 0.9 40 stud-mounted

Fast recovery (t~~ = 0.1 Ns typ)
1 N4933-37 50-600 1.0 1 lead-mounted

1 N5415-19 50-500 1.0 3 lead-mounted

1 N3879-83 50-400 1.2 6 stud-mounted

1 N5832-34 50-400 1.0 20 stud-mounted

Schottky (low VF, very fast)
iN5817-19 20-40 0.6`" 1 lead-mounted

1 N5820-22 20-40 0.5m 3 lead-mounted

1N5826-28 20-40 0.5"' 15 stud-mounted

1 N5832-34 20-40 0.6"' 40 stud-mounted

Full-wave bridge

Comments

popular

popular; -R for rev. pol.

-R for reverse polarity
-R for reverse polarity

3N246-52 50-1000 0.9 1 plastic SIP MDA100A

3N253-59 50-1000 2 plastic SIP MDA200

MDA970A1-A5 50-400 0.85 8 chassis mtd

MDA3500-10 50-1000 35 chassis mtd

Exotic
GE A570A-A640L 100-2000 1.0"'

Semtech SCH5000-25000 5kV-25kV 7-33m

Varo VF25-5 to -40 5kV-40kV 12-50"'

Semtech SCKV100K3- 100kV-200kV 150-300

200K3

1500 giant button high current!

0.5 lead-mounted HV, curr; fast (0.2µs)

0.025 lead-mounted high voltage
0.1 plastic rod very high voltage

~m~ 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

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
vuiiage reference.

❑ 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 become 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

mechanisms: zener breakdown (low volt-
age) and avalanche breakdown (high volt-
age). lf~ 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 aforward-biased
diode. The zener voltage is chosen to give
a positive coefficient to cancel the diode's
temperature coefficient of —2.1mV/°C.

200

ioo
70
50

~ 30

20
NN

~o
~.o
5.0

3.0

IZ (dc) = 7.OmA

10mA

TA = 25°C

iZ lac) = 0.1 /Z ~dc)

2.0 3.0 5.0 7.0 10 20 30 50 70 100 200
VZ, zener voltage @ /Z (V)

2.0 TA = 25°C

m
o ~~~ /z = 2.OmA

a, ~~~ to 20mA
C

N 0.5
iZ = o. ~ to

m 0.3 ~ VZ 0.5 of IZM~ typical ~ Uz
~ ~ 2 _ range typical
N range

a
o.i L
2.0 3.0 5.0 7.0 10 20 30 50 70 100 200

VZ, zener voltage @ IzT (V)

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 100ppm/° C (1 N821) down to

Sppm/°C (1N829); the 1N940 and 1N946

are 9 volt and 11.7 volt references with

tempcos of 2ppm/°C.

U 7.O

> 6.0

E 5.0
Y

d a.o
~U

~= 3.0
m
v 2•~ /Z = tOmA 0.01mA

~ 1.0 
30mA 0.1 mA

o
E _~ ~ 1.OmA

—3.0
m 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10 11 12

VZ, zener voltage (V)

Figure 6.20. Temperature coef~'icient of zener
diode breakdown voltage versus the voltage of
the zener diode. (Courtesy of Motorola, Inc.)

❑ 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 1N821 series is specified

as 6.2 volts f5% at 7.SmA, with an

incremental resistance of about 15 ohms;

thus, a change in current of 1 mA 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.SmA bias

current. This circuit is self-starting, but

it can turn on with either polarity of

VOLTAGE REFERENCES
6.14 Zener diodes

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 Sppm/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.

7.5mA / 570St

i
+15

6.2 V

LT1006 ~--t~+lO.OV

1N829 ~ I V ~ 
~'°~3k

_ ~ 6.19k
1%

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

Reaulation
Zener Test oVfor
voltage current Tempco ±10% IZT Pd~ss
VZ
@

IZT Tolerance max max max
Type (V) (mA) (±%) (ppm/°C) (mV) (W) Comments

Reference zeners

1N821A- 6.2 7.5 5 ±100 7.5 0.4 5 member family, graded by
1 N829A 6.2 7.5 5 ±5 7.5 0.4 tempco; best and worst shown

1 N4890- 6.35 7.5 5 ±20 0.4 long-term stab < 100ppm/1000h
1 N4895 6.35 7.5 5 ±5 0.4 long-term stab < 10ppm/1000h

Regulator zeners

1N5221A 2.4 20 10 -850 60 0.5 60 member family, 2.4V to 200V,
1 N5231 A 5.1 20 10 ±300 34 0.5 in "5% resistor values," plus
1 N5281 A 200 0.65 10 +1100 160 0.5 some extras. -B = ±5%; popularb

1 N4728A 3.3 76 10 -750 76 1.0 37 member family, 3.3V to 100V,
1 N4735A 6.2 41 10 +500 8 1.0 in "5% resistor values."
1 N4764A 100 2.5 10 +1100 88 1.0 -B = ±5%; popular

~a~ see also Table 6.7 (IC Voltage References). ~b~ see Table 6.6 (500mW Zeners).

operate, and includes internal circuitry to
bias the zener and buf~'er the output volt-
age. Improved 3-terminal IC zeners in-
clude the excellent LM369 from National
(1. Sppm/° C typ), and the REF l OKM from
Burr-Brown (1 ppm/° C max tempco);
we've often used the inexpensive Motorola
MC 1404 (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 2-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), lOppm/°C (max), when
provided with a constant current of 1 mA.

Some unusual IC zeners include the
temperature-stabilized LM399 (0.3ppm/°C

TABLE 6.6. 500mW ZENER DIODES

1N5221 1N746 VZ IZT
series series (V) @ (mA)

1 N5230 1 N750 4.7 20
1 N5231 1 N751 5.1 20
1 N5232 1 N752 5.6 20
1 N5233 - 6.0 20
1 N5235 1 N754 6.8 20
1 N5236 1 N755 7.5 20
1 N5237 1 N756 8.2 20
i N5240 1N758 10 20
1 N5242 1N759 12 20
1 N5245 1 N965 15 8.5
1 N5248 1 N967 18 7.0
1 N5250 1 N968 20 6.2
1 N5253 - 25 5.0
i N5256 1N972 30 4.2
7 N5259 7 N975 39 3.2
1 N5261 1 N977 47 2.7
1 N5267 1 N982 75 1.7
1 N5271 1 N985 100 1.3
1 N5276 1 N989 150 0.85
1 N5281 1 N992 200 0.65
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typ), the micropower LM385 (which oper-

ates down to 10µA), and the astounding

LTZ1000 from Linear Technology, with its

O.OSppm/°C typical tempco, 0.3ppm per

square-root-month drift, and 1.2µV 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 LTZ1000 buried zener just mentioned

is the quietest reference of any kind. The

LM369 and REFIOKM also have very low

noise.

o. i

y
sC
d N~, _
o> 3
~,

o.oi
o. i

zener current (mA)

io

Figure 6.22. Voltage noise for glow-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.

❑ 6.15 Bandgap (VBE) 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 coef~'icient the same

as VBE's negative coef~'icient; 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

(constart) /o~~

j (positive tempco)

l

o, Qz

R ~

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 Io„t has

a positive temperature coefficient, since

the difference in VBEs is just (kT/q) loge 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 IP. 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.

~ R'

I —
L_

=
_ J

Figure 6.24. Classic VBE bandgap voltage
reference.

Figure 6.24 shows the circuit. RZ sets the

amount of positive-coefficient voltage you

have added to VBE, and by choosing it

appropriately, you get zero overall tem-

perature coefficient. It turns out that zero

temperature coef~'icient occurs when the
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TABLE 6.7. IC VOLTAGE REFERENCES
~
~ ~'
"' ~
~ E E Voltage Acc'y

Type Mf9a ao ~ ~ 1~) (%)

Min
Te,;,Nco suj,j,iy

typ voltage
~pPm~~~) ~~)

~uppiy
curr
~mA)

Regulation
Noise

Output voltage Long-term Load
curr u.i-iui-iz stabflrty Line 0-10mA
max typ typ typ typ
(mA) (N~ Pp) (ppm/1000h) (%/V) (%)

Regulator type
LM10C NS+ B 8 0.20 5 30 1.1 0.3 20 - - 0.001 0.01 a
µA723C FS+ Z 14 7.15 3 20 9.5 2.3 65 - 1000 0.003 0.03
SG3532J SG+ B 10 2.50 4 50 4.5 1.6 150 - 300 0.005 0.02

Two-terminal (zener) type
LM129A NS Z 2 - 6.9 5 6 - 1 15b - 20 - 0.1
VR182C DA B 2 - 2.455 1.4 23 - 2 120b 10e 10 - 0.1
LM313 NS B 2 - 1.22 5 100 - 1 ~ 20b 5f - - 0.5~
LM329C NS Z 2 - 6.9 5 30 - 1 15b - 20 - 0.1
LM336-2.5 NS B 3 2.50 4 10 - 1 10b - 20 - 0.1
LM336B-5 NS B 3 5.0 1 15 - 1° 10b - 20 - 0.1°
LM385B NS B 2 - 1.23 1 20 - 0.1 d 20b 25 - - 0.02a
LM385BX-1.2 NS B 2 - 1.235 1 30m - 0.1 d 20b 60f 20 - 0.8~
LM3856X-2.5 NS B 2 - 2.50 1.5 30R' - 0.1 p 20b 120f 20 - 0.4"
LM299A NS Z 4 - 6.95 2 0.2 9 17 10b - 20 - 0.1
LM399 NS Z 4 - 6.95 5 0.3 9 17 10b - 20 - 0.1
LM3999 NS Z 3 - 6.95 5 2.0 9 17 10b - 20 - 0.1
TL430 TI B 3 2.75 5 120 - 10 100b 50 - - 0.5
TL431 TI B 3 2.75 2 10 - 10 100b 50 - - 0.5
AD589M AD B 2 - 1.235 2 10m - 0.1 h 5b 5f - - 0.05a
LTZ1000 LT Z 2 - 7.2 4 0.05 - 5 1.2 0.3s _ 1 r
LT1004C-1.2 LT B 2 - 1.235 0.3 20 - 0.1 d 20b 60f 20 - p.gmn
LT1009C LT B 3 2.50 0.2 15 - 1 ° 10b - 20 - 0.1 °
LT1029A LT B 3 5.0 0.2 8 - 1 ° 10b - 20 - 0.04°
LT1034B LT B 3 - 1.225 1 10 - 0.1P 20b 4 - - 0.3P
" LT Z 7.0 4 40 - 0.1q 20b - - - 44

HS5010N HS B 2 - 1.22 2 3 - 0.1 h 5b 5f - - 0.05a
ICL8069A IL B 2 - 1.23 2 10 - 0.5 10b - - - 0.2a
TSC9491 TS B 2 - 1.22 2 30 - 0.1 k 0.5b _ _ _ 1 2k

Three-terminal type
REF-01A PM B 8 10.0 0.3 3 12 1 10 20 - 0.006 0.005
REF-02A PM B 8 5.0 0.3 3 7 1 10 10 - 0.006 0.005
REF-03E PM B 8 2.5 0.3 3 4.5 1 10 5 - 0.006 0.05
REF-05 PM B 8 5.0 0.3 3 7 1 10 10 100m 0.006 0.05
REF-OSG PM Z 8 -10.0 0.2 10m -11.4 2"' 10 10 - 0.02m 0.2m
REF-10 PM B 8 10.0 0.3 3 12 1 10 20 50m 0.006 0.05
REFIOKM BB Z 8 10.0 0.05 1 m 13.5 4.5 10 6 10 0.001 0.01
REF-43E PM B 8 2.5 0.05 3m 4.5 0.2m 10 89m - 0.0002m 0.03m
LH0070-1 NS Z 3 - 10.0 0.1 4 12.5 3 10 20 - 0.001 0.01
REF101 KM BB Z 8 10.0 0.05 1'" 13.5 4.5 10 6 25 0.0003 0.003
LM368Y-2.5 NS B 8 2.5 0.2 11 4.9 0.35 10 12 - 0.0001 0.003
LM368-5 NS B 4 5.0 0.1 15 7.5 0.25 10 16 - 0.0001 0.003
LM368-10 NS B 4 10.0 0.1 15 12.5 0.25 10 30 - 0.0001 0.003
LM369B NS Z 3,8 10.0 0.05 1.5 13 1.4 10 4 6 0.0002 0.003
AD580M AD B ~ - 2.5 ? ? n ~ 5 ' ^i v vv [~ U.U4 U.4
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Regulation

~ Noise

~ ~ Min Output voltage Long-term Load

N c Tempco supply Supply curr 0.1-10Hz stability Line 0-10mA

m E ~ Voltage Acc'y typ voltage curr max typ typ typ typ

Type Mfga m ~~, i= (~) (%) ~Ppm~~C) ~~) ~mA) (mA) ~µ~ PP) ~PPm/1000h) (%/V) (%)

Three-terminal type (cont'd)

AD581 L AD+ B 3 - 10.0 0.05 5 12 0.75 10 50 25 0.005 0.002

AD584L AD B 8 2.5 0.05 10 5 0.75 18 50 25 0.005 0.002

" 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 0.75 10 50 25 0.005 0.002

AD586L AD Z 8 5.0 0.05 5"' - 5"' 10 - 15 - -

AD587L AD Z 8 10.0 0.05 5 r̀' - 5`" 10 - 15 - -

AD588B AD Z 14 ±10.0 0.01 1.5m ±14 ±10 ±10 10 25m 0.002m 0.01 m

MAX671 C MA Z 14 10.0 0.01 1 m 13.5 9 10 12 50 0.005"' 0.01 m

AD689L AD Z 8 8.192 0.05 5m 10.8 2 ±10 2 15 0.002"' 0.01 "'

R675C-3 HS Z 14 ±10.0 0.05 5 ±13 +15,-3"' 10 - - 0.003m 0.02m

LT1019A-2.5 LT B 8 2.5 0.002 3 4 0.7 10 6 - 0.00005 0.008

LT1021 B-5 LT Z 8 5.0 1 2 7 0.8 10 3 15 0.0004 0.01

LT1031 B LT Z 3 - 10.0 0.05 3 11 1.2 10 6 15 0.00005 0.01

MC1403A MO B 8 - 2.5 1 10 4.5 1.2 10 - - 0.002 0.06

MC1404AU5 MO B 8 5.0 1 10 7.5 1.2 10 12 25 0.001 0.06

MC1404AU70 MO B 8 10.0 1 10 12.5 1.2 10 12 25 0.0006 0.06

AD2702L' AD+ Z 14 ±10.0 0.05 5m ±13 +12,-2 ±10 50 100 0.03"' 0.05m

AD2712L' AD+ Z 14 ±10.0 0.01 1 "' ±13 +12,-2 ±5 30 25 0.013 0.003

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 - - 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 8 25 - 0.01 0.06

~a~ 0 to 1 mA. ~b~ max zener curr. ~0~ on-chip heater/thermostat. ~d~ specified for 10µA to 20mA operating curr.

~e~ 1 Hz to 10Hz. ~f~ 10Hz to 10kHz, rms. ~g~ 10Hz to 1 kHz, rms. ~h~ speed for 50µA to 5mA. ~'> 2700,2710:+10V;

2701: -10V; 2702,2712:±10V. ~>> 0 to 5mA. ~k~ speed for 50µA to 500µA. ~~~ speed for 0.5 to 20mA. ~m~ min or max.

~"~ 1 to 20mA, max. ~0~ specified for 0.5 to 10mA. ~p~ specified for 20µA to 20mA. ~q> specified for 100µA to 20mA.

~'~ specified for 1 mA 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 QZ 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) loge 10,

making QZ's emitter current proportional

to T (the preceding voltage applied across

Rl). But since Q1'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 apositive-tempco voltage across

R2. That voltage can be used as a ther-

mometer output, by the way, as will be

discussed shortly. R2's voltage is added to

Q1's VBE 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-

ri..̂,.S :,~,~..a~i.~.'~i vJii i SCrtiic idiiu l~l (:urren[

densities.

Figure 6.25

❑ IC bandgap references

5.00V
opt

An example of an IC bandgap reference
is the inexpensive 2-terminal LM385-1.2,
with a nominal operating voltage of 1.235
volts, fl% (the companion LM385-2.5
uses internal circuitry to generate 2.SOV),
usable down to 10µA. 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 30ppm/°C maximum tempco
and has a typical dynamic impedance of
1 ohm at 100µA. Compare this with the
equivalent figures fora 1N4370 2.4 volt

zener diode: tempco 800ppm/°C (typ),
dynamic impedance ~ 3000 ohms at
i~iuµa, 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 LT 1029, or the 3-terminal REF-
43 (2.SOV, 3ppm/°C max). The latter
type, like the 3-terminal references based
on zener technology, requires a do supply.
Table 6.7 lists most available bandgap
(and zener) references, both 2-terminal
and 3-terminal.
One other interesting voltage reference

is the TL431 C. It is an inexpensive "pro-
grammable zener" reference, and it is used
as shown in Figure 6.26. The "zener"
(made from a VBE 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 100mA.

73.2k
~ ova

v~ = 2.~sv ~z~ro
3µA TL431 C

27.4k
~ ~~

Figure 6.26

❑ Bandgap temperature sensors

The predictable VBE variation with tem-
perature can be exploited to make a tem-
perature-measuring IC. The REF-02, for

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



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 1µA/° 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 +IOmV/°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 1ppm/°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 (VgE) 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 lOmin

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

µA726 and µA727 temperature-stabilized

differential pair and preamp, respectively.

More recently, temperature-stabilized

voltage references such as the National

LM 199 series have appeared. It offers a

temperature coefficient of 0.00002%/° C

(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 f2.5ppm/°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 0.2µV/°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 LT 1019 bandgap reference, though

normally operated unheated, has an on-

chip heater and temperature sensor. So

339
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Figure 6.27. Buried zener references (A) have lower noise than either heated zeners (B) or bandgapreferences (C). (Courtesy of Burr-Brown Corporation.) (D) Noise density (en) 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

thermostat (an op-amp and a half dozen

components).

❑ 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 REF l OKM and REF 101 KM from

Burr-Brown have tempcos of 1 ppm/° C

(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 1ppm/°C maximum tempco

are the MAX671 from Maxim and the

AD2710/2712 references from Analog

Devices. In 2-terminal configurations the

only contender is the magnificent LTZ1000

from Linear Technology, with its claimed

O.OSppm/°C tempco. It also claims long-

term drift and noise specs that area fac-

tor of 10 better than any other reference

of any kind. The LTZ1000 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).

THREE-TERMINAL AND
FOUR-TERMINAL REGULATORS

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: O5, 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 0.33µF 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 do is brought to each board and reg-

ulation is done locally on each circuit card.

n
pu9ulated ~ 7805 3 +5.OV (regulated)

+7V to+35V 
0-tA

0.1µF
2

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

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 (max)a
v
@75'C No heatsinkb Regulation (typ)

~ case

bout a bout bout Pdiss Load Lined
Type Pkg (V) (%) (A) (A) (W) (mV) (mV)

O~~
(°C/W)

Input voltage

min' max
(V) (V)

Positive
LM2950CZ-5.0 TO-92 5 1 0.08 0.1 0.5 2 1.5 160 5.4 30
LM2931Z-5.0 TO-92 5 5 0.1 0.1 0.5 14 3 160 5.3 26
LM78L05ACZ TO-92 5 4 0.1 0.1 0.6 5 50 160 7 35
LM330T-5.Og TO-220 5 4 0.15 0.15 1.5 14 20 4 5.3 26
TL750L05 TO-92 5 4 0.15 0.15 0.6 20 6 160 5.6 26
LM2984CT TO-220h 5 3 0.5 0.5 2 12 4 3 5.5 26
LM2925T TO-220 5 5 0.75 0.5 2 10 8 3 5.6 26
LM2935T TO-220 5 5 0.75 0.5 2 10 8 3 5.5 26
LM309K TO-3 5 4 1 0.6 2.2 20 4 3 7 35
LT1005CT TO-220 5 2 1 0.5 2 5 5 3 7 20
LM2940T-5.0 TO-220 5 3 1 0.5 2 35 20 3 5.5 26
LM7805CK TO-3 5 4 1 0.6 2.2 10 3 3.5 7 35
LM7805CT TO-220 5 4 1 0.45 1.7 10 3 3 7 35
LM7815CT TO-220 15 4 1 0.15 1.7 12 4 3 17 35
LT1086-5CT TO-220 5 1 1.5 0.5 2 5 0.5 3 6.3 30
LAS16A05 TO-3 5 2 2 0.75 2.8 30m 100m 2.5 7.6 30
LM323K TO-3 5 4 3 0.6 2 25 5 2 7 20
LT1035CK TO-3 5 2 3 0.8 3 10 5 1.5 7.3 20
LT1085-5CT TO-220 5 1 3 0.5 2 5 0.5 3 6.3 30
LAS14A05 TO-3 5 2 3 0.8 3 30m 50m 2.3 7.5 35
LT1003CK TO-3 5 2 5 0.8 3 25 5 1 7.3 20
LT1084-5CK TO-3 5 1 5 0.8 3 5 0.5 1.6 6.3 30
LAS79A05 TO-3 5 2 5 0.8 3 30m 50m 0.9 7.6 30
LT1083-5CK TO-3 5 1 7.5 0.8 3 5 0.5 1.6 6.3 30
LAS3905 TO-3 5 5 8 0.8 3 20m 100m 0.7 7.6 25

Negative
LM79L15ACZ TO-92 -15 4 0.1 0.05 0.6 75"' 45m 160 -17 -35
LM7915CK TO-3 -15 4 1 02 2.2 4 3 3.5 -16.5 -35
LM7915CT TO-220 -15 4 1 0.15 1.7 4 3 3 -16.5 -35
LM345K-5.0 TO-3 -5 4 3 0.2 2.1 10 5 2 -7.5 -20

~a~ with V~~=1 J5V ~~. ~b~ 50`C ambient. ~0~ 0 to Imax• ~d~ ~V~n=15V. ~e~ 4Vout for 0°C to 100°C junc temp.~f~ 1000 hours. ~ggsimilar to LM2930T-5.0, LM2931T-5.0. ~h~ wide TO-220. ~'~ at Imax~ ~m~ min or max.~t~ typical. All include internal thermal shutdown and current-limiting circuitry. Most are available in ±5, 6,S, 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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Type

120Hz
ripple
reject
typ
(dB)

Temp
stabe
typ
(mV)

Long-
term
stabf
max
(%)

Output
impedance

10Hz 10kHz

(S2) (S2) Comments

LM2950CZ-5.0 70 10 - 0.01 0.5 micropower, 1%

LM2931 Z-5.0 80 - 0.4t 0.1 0.2 low dropout, low power

LM78L05ACZ 50 - 0.25 0.2 02 small; LM240LAZ-5.0

LM330T-5.09 56 25 0.4~ 0.1 02 low dropout; 2930

TL750L05 65 50 - - - TL751 has enable

LM2984CT 70 3 0.4~ 0.01 0.02 dual outputs (µP); reset, on/off

LM2925T 66 - 0.4~ 0.2 0.2 microprocessor; reset

LM2935T 66 - 0.4~ 0.02 0.02 dual outputs (µP); reset, on/off

LM309K 80 50 0.4 0.04 0.05 original +5V regulator

LT1005CT 70 25 - 0.003 0.01 dual outputs (µP)

LM2940T-5.0 72 20 0.4~ 0.03 0.03

LM7805CK 80 30 0.4 0.01 0.03 LM340K-5

LM7805CT 80 30 0.4 0.01 0.03 popular; LM340T-5

LM7815CT 70 100 0.4 0.02 0.05 LM340T-15

LT1086-5CT 63 25 1 - - low dropout

LAS16A05 75 - - 0.002 0.02 Lambda, monolithic

LM323K 70 30 0.7 0.01 0.02

LT1035CK 70 25 - 0.003 0.01 dual +5; 1036 is +12/+5

LT1085-5CT 63 25 1 - - low dropout

LAS14A05 70 100m - 0.001 0.003 Lambda, monolithic

LT1003CK 66 25 0.7 0.003 0.02

LT1084-5CK 63 25 1 - - low dropout

LAS19A05 70 150m - 0.01 0.2 lambda, monolithic

LT1083-5CK 63 25 1 - - low dropout

LAS3905 60m 100 - 0.004 0.01 Lambda, monolithic

LM79L15ACZ 40 - 0.4t 0.05 0.05 small; LM320LZ-15

LM7915CK 60 60 0.4 0.06 0.07 LM320KC-15

LM7915CT 60 60 0.4 0.06 0.07 LM320T-15

LM345K-5.0 65 25 1.0 0.02 0.04

75µA of quiescent current (compared with

the 7805's SmA, 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, SA, and 7.SA, respectively, with
both ~-SV and +12V available in each
typej. itegulators 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
f 3% 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 Vo„t 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 Rl, so SmA
flows through it. The adjustment terminal
draws very little current (50-100µA), so
the output voltage is just

Vo„t = 1.25(1 + R2/Rl) volts

In this case the output voltage is adjustable
from 1.25 volts to 25 volts. Fora fixed-
output-voltage application, RZ 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

to allow fora 50µA 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
1µF tantalum is required, but we recom-
mend something more like 6.8µF.
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).

v;~ ~o~~

Figure 6.29. Three-terminal adjustable
regulator.

EXERCISE 6.5
Design a +5 volt regulator with the 317. Provide
f20%voltage adjustment range with a trimmer
pot.

Three-terminal adjustable regulators are
available with higher current ratings, e.g.,
the LM350 (3A), the LM338 (SA), and
the LM396 (l0A), 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.SA), and you can get

micropower versions (e.g., the LP2951, the

adjustable variant of the fixed SV LP2950;

both have IQ = 75µA). You can also

get negative versions, although there's less

variety: The LM337 is the negative cousin

of the LM317 (1.SA), and the LM333 is a

negative LM350 (3A).

❑ 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, +SV for the µA79G, 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.

µA78G +75V

unregulated out (regulated)

input in Rz 0-1A

~18V `, cont 10k

5.1k~ T0.1µF

1

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

useful as a rough guide to the performance

you can expect:

Output voltage tolerance: 1-2%

Dropout voltage: 0.5-2 volts

Maximum input voltage: 35 volts (except TL783

to +t25v)

Ripple rejection: 0.01-0.1%

Spike rejection: 0.1-0.3%

Load regulation: 0.1-0.5%, full load change

do input rejection: 0.2%

Temperature stability: 0.5%, over full temp range

Improving ripple rejection

The circuit of Figure 6.29 is the standard

3-terminal regulator, and it works fine.

However, the addition of a 10µF bypass

capacitor from the adjust (ADJ) terminal

to ground (Fig. 6.31) improves the ripple

(and spike) rejection by about 15dB (factor

of 5 in voltage). For example, the LM317

ripple rejection factor goes from 65dB to

80dB (the latter is 0.1 mV output ripple

when supplied with 1 V 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.

V,,, —~—~ in 317 out

0.1µF ~ 
adj 240 1 10µF

T 1 N4004~

Z.~K 10µF

Figure 6.31. The ADJ 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-sensing 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

~,~

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

ex.
30

(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 VBE 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 (IL is
specified as 150mA 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 [LM2931, LM330,
LT1083/4/5 (SV and 12V), TL750], 3-ter-
minal adjustable (LT1083/4/5, LM2931),
and micropower (LP2950/1, MAX664,
LT 1020). 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 do 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 circuitry to do these things. Now life
is easy —you can get "(micro)processor-

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 loes-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 microprocessors in Chapters 10
and 11.

D Micropower regulators

As we suggested earlier, most regulator
chips draw a few milliamps of quiescent
current to run the internal voltage refer-
ence and error amplifiers. That's no prob-
lem for an instrument powered from
the ac mains, but iYs 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
4µA. At that current a 9 volt battery
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would last 100,000 hours (more than 10
years), which exceeds the "shelf life" (self-
ui$iiiai ~jC iiiit~.j vi Rii UQllGi icJ G1;l:GjJl JU111G

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 f 15 volts. That's a common re-
quirement in analog circuit design, where

you often deal with signals near ground,
and the simplest way to generate symmet-
iicai spin supplies is io use a pair of s-
terminal regulators. For example, to gen-
erate regulated f 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.

in 7815 out + 15V reg

4000µF + gnd +
0-1A

30V ~ lOµF~ 
1N4004

20V

in 7915 out — 15V reg
0-1A

4000µF ~ 9~a ~
30V ~ 10µF 1N4004

20V

A

+ V;,,
lunregl

— V~~
lunreg)

+ 15V reg
0-1.5A

— 15V reg
0-1.5A

B Figure 6.33. Dual-polarity regulated supplies.
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+Vin
(unregulated)

-v;~
(unregulated)

Figure 6.34. Dual-tracking regulator.

5V

iF

15V

D Dual tracking regulators. 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 f 15 volt outputs, whereas the
4194's symmetrical outputs are adjustable
via the single resistor Rl. 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 (e.g.,

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 f12 volt regulator using the 4194.

Reverse polarity protection. 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

351
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.i. _
+18 to +30 + 10µF +15V @
(unregulated) +V~~ 4195 +Vo 100mA

-18 to-30 -V,,,yround-Va 
-15V@

(unregulated) 100mA
_ -r ~o,.F

A

~ .001µF

+V,,, (unregulated) +V,,, C, +Vo

4194

-V;,, (unregulated) -V~n Rs C- qnd Ro -~o

71.5k —
R~

e

Figure 6.35

0.001 µ F

situation is acollector-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

~- ~ +Vou~t
4.7µF

~~~ Vouc
~ 4,7µF R, (kSt)
r Vout - 2.5i

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.

Q,

~axX

V;,, in out Vo„~

R ~ ground

6St

Figure 6.36. Three-terminal regulator with

current-boosting outboard transistor.

The circuit works normally for load
currents less than 100mA. For greater load
currents, the drop across Rl turns on
Qi, limiting the actual current through

the 3-terminal regulator to about 100mA.
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
~1 ii Div vi.iiYiii JOiia~c ii~cJ~ ~liill vil;C

versa. It never even realizes the load
is drawing more than 100mA! 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 hFE 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.

Rsc Qz

Q,

\ in out

6~ ground

unregulated regulated
in = out

A

Q RSA
2 _ ...

~~~^ i~Q
6Sl

\ in out /

unregulated ground

i n regulated
ouc

8

Figure 6.37. Current-limit circuits for outboard
transistor booster.

In both circuits, QZ is the high-current
pass transistor, and its emitter-to-base re-
sistor has been chosen to turn it on at
100mA load current. In the first circuit,
Q1 senses the load current via the drop
across RSc, cutting off QZ's drive when
the drop exceeds a diode drop. There are

a couple of drawbacks to this circuit: The
input voltage must now exceed the regu-
ia~eu ouiput voiiage ny 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 the regulator), and it is difficult to
add foldback limiting because of the small
resistor values required in Q1'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 Q1's base
to a divider from QZ's collector to ground,
rather than directly to Q2's collector.
External pass transistors can be added

to the adjustable 3- and 4-terminal regu-
lators in exactly the same way. See the
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 50µA. 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 10µA to 1 mA using a 317. If Vin =
+15V, what is the output compliance? Assume
a dropout voltage of 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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V,,, in 317 out

adj

50~~A
w

1.252

OR

0

i~~

ion, = i.25iR Figure 6.38. One amp current sources.

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 1µA, 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

do-dc converters

All the voltage regulator circuits we have

discussed so far work the same way: A

linear control element (the "pass transis-
tor") in series with the unregulated do 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
Io„t(V;,, — Vo„t), 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 do 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 2LIZ of energy in its

magnetic field; the stored energy is trans-

ferred to a filter capacitor at the output,
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~,
o— o= o- o—

reg do

~ IVo,,,> U;,,ImaxllM T
osc

enable

V~ar

unreg do reg do unreg do
input p;,n ~. n

Vo„~ < V,,, (max 11

Vref

Figure 6.39. Two kinds of regulators.
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 do 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 do supply.
For these reasons, switching supplies are
used almost universally in computers.
Switching supplies have their problems,

too. The do 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

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
do 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!

❑ 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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x
+ von, ~ < v;,,~

W

Figure 6.40. Step-down switcher.

switch is closed, Vo„t —U;,, 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-
memberthat inductors don't like to change
their current suddenly, according to the
last equation), with the "catch diode" now

repetition rate (with constant pulse width)
from an error amplifier that compares the
output voltage with a reference.
Figure 6.42 shows a loes-current +5 volt

regulator using the MAX638 from Maxim.
This nice chip gives you a choice of
fixed +5 volt output (no external divider
needed) or adjustable positive output, with
external resistive divider. It includes near-
ly all components in a convenient mini-
DIP 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:

gate voltage
0—

input curr O

induc curr ~_

VdioAr.

point "x" ~

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

unregulated input?

EXERCISE 6.9

What does astep-down regulator's high effi-

ciency imply about the ratio of output current to

input current? What is the corresponding ratio

of currents, for a linear regulator?

output voltage
0 —

Figure 6.41

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 Vo„t— 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

❑ 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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+ 10V to
+ 15V in
(~rcm c--
battery)

r----------- ---1

+5V
out
1100mA max)

µF

-power +5 volt switching
regulator.

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
ofd', 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.

EXERCISE 6.10
Draw waveforms forthestep-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,

the inverting regulator can be either step-
up or step-down.

+ v;~ x + ~a~, ~> v~~i

~~

+ v;~ X o~,~ ~-

W

Figure 6.43. Two switching-element
configurations.
A. Step-up ("boost").
B. Inverting.

EXERCISE 6.12
Draw waveforms for 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 f 15 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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+12V
input

500µH

r-------- 
~X -----,

~ r~ ~ V_° i 5

~ ~
osc I 100µF

2~V

+ ~

~,er

~------------------ 
9nd J

MAX633 3

+15V
reg

10µF ~+

20V 
-------------- + US --~

Z 
r-- ~

~ ~ 1N914

~ - 15V

~ reg

Vo~~ 1

~ osc ~

1

~ ~ 100µF

~ i 500µH- ~ 20V

~ +

~ V«i j

L--------------- 
V_i gnd J

MAX637 0.1 µF~ Figure 6.44. Dual-polarity switching
power supply.

fixed-output ICs 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.

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 do 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 f 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 A/D (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 do input (typically +SV) is al-
ready regulated, you often use the phrase
"dc-to-dc converter," rather than "switch-
ing regulator," although iYs really the same
circuit. Finally, in battery-operated equip-
ment you often want high ef~'iciency 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 do level
is hardly a filter! The inductor is a loss-
less energy-storage device (stored energy =
2LI2), 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 = 2CV2), 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

regulator" and "current-mode regulator."
They refer to the particular way in which
~ ,e ~wi~ciiiiig waveform is modined 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
IOmV-100mV 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 100µV
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 do output current can
be larger (step-down) or smaller (step-up)
than the average do 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
do input voltage will be approximately 160
volts (for 115 V acpower) —this is a danger-
ous circuit to tinker with! (b) The absence
of a transformer means that the do 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
do 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).

in

It might seem as if the advantage of a
transformerlessunregulated 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
FS-25 (SV, 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.

❑ 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-powered switching supply.
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(Radio Shack) to power their model 2000
personal computer. (We tried to get power-
supply schematics from both IBM 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.
Lets take a walk through Figure 6.46 to

see how aline-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 (BRl) charges fil-
ter capacitors C3o, C31, C32, and C40 (T2
is not atransformer —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 Q15, whose switching
waveform (a fixed-frequency square wave
of variable pulse width) is provided by
IC 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
do output: The + 12 volts are produced
by CRZ from the 7-turn winding of pins
1 1 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 CR13 and CR14, 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: Rlo selects a fraction
(nominally 50%) of the +5 volt output
to compare with U4's internal x-2.5 volt
reference, turning on photodiode UZa if
the output is too high. This photodiode

couples optically to phototransistor UZb,
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)
f 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 E$E9, 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 110/220 volt
compatibility, which is remarkably simple
in the case of switching supplies.
Thermistors RTl and RTz 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 100µH series inductors L5 and L7

in the unregulated supply further clean
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up transmitted switching hash, and the

82k shunt resistors (Rg5 and R46) are

"bleeders," to make sure the power-supply

filter capacitors discharge fully after power

is turned off. Some additional passive

"snubber" components (C38, C39, and

R45) are used to damp the large voltage

spikes that otherwise might destroy the

switching transistor Q15. CRIl's function
is more subtle — it cleverly returns unused

transformer energy to filter capacitors C3o
and Coo•
Moving down the page, we encounter

some real trickery, namely the "auxiliary

supply." The circuits need some low-

voltage, low-current do 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 (wrth half-wave rectifier) on Tl,

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 do is brought over to start

the circuit; once going, the supply keeps

itself going from its transformer-derived

do power. In this circuit the kick-start

comes via R42, which begins charging up

C37 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 Qlo and Q11
is switched into conduction (figure out

how that works), dumping C37's charge
across C28, 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 circuitry continuously
(which R42 cannot do).
Most of the components surrounding

U3 pander to its needs (C27 and R37, for
example, set the pulse repetition rate at

25kHz). At the input side, U2b 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 Q1oQ11)
if driver Q15's emitter current (sensed
by R44) is excessive, for example if the
power supply sees ashort-circuit load. The
series combination R43C25 provides a 1µs
time constant so that the circuit is not
triggered by switching spikes. The shut-
down circuitry also derives an input from
divider RZ6R24, quenching oscillation if

the ac input drops below 90 volts ac. At
the output side of the controller U3, Qlz —
Q14 provide high-current push-pull drive

to Q15's 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 aclip-on current probe (see, for

example, the Tektronix catalog).

Things are considerably simpler on the
output side of Tl. The +5 volt supply uses

paralleled power Schottky diodes (CR13

and CR14) for fast recovery and low for-

ward drop (the MBR3035PT is rated at

30A average current with 20kHz drive,

35V reverse breakdown, and O.SV typical
forward drop at l0A), with "snubber net-

works" (l OSt/0.01µF) to protect the diodes
from high-voltage spikes. The "~r-section"

filter consists of 8800µF of input capa-

citance, a 3.5µH series inductor, and
a 2200µF output capacitor. (The lower-

current f 12V outputs also use half-wave
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Schottky rectifiers and ~r-section filters,
with smaller-valued components.) This
uC~Tic, vi iiii2iiu~ i1 1i~1i1 JGGiII OXllC1I1C Uy

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 ~SOmV or
so at the output.
The +5 volt output is sensed via di-

vider R3R1oR11, 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 Uzab• The
+5 volt output is also sensed, via Rl$Rly,
to trigger the overvoltage-sensor IC (Ul:
Vthresh = +2.SV); 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. Ul is also wired to sense an un-
dervoltage condition, via its dedicated aux-
iliary power from CR5 and C19; 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
f 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

are available as complete integrated cir-
cuits, for example the UC3838 from
u niirode.
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 do 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-powered
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 loes-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
audibly! 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 loes-dropout linear post-
regulator. Some do-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 +SV 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 iYs specified as 17 amps,
maximum (compared with afull-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 anegative-tempco

resistor (a low-resistance thermistor) in
series with the input; another method is
to actively switch out a small (l OSZ) 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
do 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
buying 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 (l0A or more).
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Advice: (a) Use aline-powered switcher.
(b) Buy it (perhaps adding filtering, if
iiccucu j.
2. For analog circuits with low-level signals
(small-signal amplifiers, signals less than
100µV, 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 do-dc switching converter.
3. For high-power anything. Advice: Use a
line-powered switcher. It'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 loes-power step-up converter.

In general, low-power do-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

❑ 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.

❑ Brute force: high-voltage components

Power transistors, both bipolar and
MOSFET, are available with breakdown

voltages to 1000 volts and higher, and
they're not even very expensive. Moto-
roia's iviJ i 2uu5, for example, is an ~ 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
MTP 1 N 100 (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 aloes-voltage sample of the output),
you can build ahigh-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 -F500 volt reg-
ulated supply using NMOS pass transistor
and driver. Q2 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 Qz from
reverse gate breakdown if Q1 decides to
pull its drain down rapidly (while the out-
put capacitor holds up Q2'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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•produces pole
for comp

limit

zero zero

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 ahigh-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 turn-on, turn-off, and output short-

circuit conditions. The latter condition

presents a challenge, but bridging Q2 with

3352

Vo~~
+ 100V to

75052 + 500V
3 x 392 k,~

1%

470 for low Zo~~

50k 
at high freq

12.4 k
1%

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.
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❑ Optically coupled transistor

Figure 6.48. Regulating the ground return.

❑ Lifting the regulator above ground

oit5
pit

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 Dl adds

Figure 6.49

~o~~ _
vfe9 + va,

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.

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: alight-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 QZ 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 QZ 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 ahigh-voltage supply.
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+HV (unregulated) in

~'

1

Q

V1e ~

+Hv opt

Figure 6.50. Opto-isolated high-voltage
regulator.

❑ 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 MC 1466 reg-

ulator chip is intended for this kind of

application, which normally requires an

auxiliary low-current floating power supply

to provide do (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 MC1466 features
very good regulation and precise current-
limiting circuitry and is well suited for

accurate "laboratory" power supplies. A

warning, however: The MC 1466, unlike
more recent regulator designs,. does not
include on-chip thermal protection.

An elegant way to rig up a floating regu-
lator isprovided 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.

❑ 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 Qz'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 worry 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 6.51. High-voltage floating regulator

+HV in

oucpi

Figure 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;

choose a capacitor value large enough to
swamp differences in transistor input ca-
pacitance, which otherwise cause unequal
division, reducing overall breakdown
voltage.
Series-connected transistors can, of

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 4 watt type. Amore
subtle trap awaits the unwary, namely the
maximum voltage rating of 250 volts for
standard 4 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 1000:1 divider (lOMeg,
lOk) produced a division ratio of 775:1
(29% error!) when driven with IkV; 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.

❑ 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 do-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. Tl and
associated circuitry generate unregulated
do at some manageable voltage, say 24

MOSFET
alternative
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>'
E

Vin (V)

Figure 6.53. Carbon composition resistors
exhibit a reduction in resistance above 250
volts.

volts; alternatively, batteries might provide
the do input. This powers ahigh-frequency
square-wave power oscillator, with its out-
put full-wave-rectified and filtered. This

T~

1 15V ac II
60Hz

filtered do 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 afull-wave-rectified
square wave. TZ 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 deja 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
TZ as a "normal" (albeit high-frequency)
transformer. In common with switching
supplies, these high-voltage supplies dis-
play high-frequency ripple and noise.

regulated

do output

373

Figure 6.54. High-voltage switching supply.
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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 do
voltages (l OkV 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.

+50V
+300V

a,

~ ~ DZ

+15kV out
Q,

D ~C~3
~rZr

A

2A

~~o~~ o

+3°°n n~Q, ~a~~ o
/D ZA A

~~
~ o

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. Dl is a "damper"
diode that prevents Q1's collector from
rising too high during the flyback. D2,
connected to the high-voltage secondary

winding, rectifies the output, typically
IOkV-20kV at a few microamns. The cir-
cuit is operated at frequencies of 15kHz
or more, which means that filter capaci-
tor Ci 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.

❑ 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 100ppm/°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 REF 101 KM in Table
6.7). This kind of stability (<lppm/°C)
is far better than the tempco of ordinary
metal-film resistors (SOppm/°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 do reg-
ulated supply. It begins with the excellent
REF l OKM from Burr-Brown, which guar-
antees better than 1 ppm/° C tempco, along
with very low noise (6µV pp, 0.1—IOHz).
Furthermore, it achieves this without
thermostatic control, which helps keep the
subsurface zener noise low The reference

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



Fi
gu
re
 6
.5
6.
 U
lt
ra
st
ab
le
 l
ow

-n
oi
se
 p
o
w
e
r
 s
up

pl
y.

w

+
3
0
V
 r
eg

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



VOLTAGE REGULATORS AND POWER CIRCUITS
376 Chapter 6

is followed by a low-pass filter, to reduce
the noise further. The large capacitor value

a,.a .,. ~-- -i$ uC~ucu W Sii~l~/1GSS 1:U11G11~ 11U1SG liUlll

the op-amp: the value shown converts the
current noise (1.SpA/ Hz at IOHz) to a
voltage noise of 2.4nV Hz, comparable
with the op-amp's en. A polypropylene
capacitor is used because the capacitor
leakage (more precisely, changes in leak-
age over time and temperature) must be
less than O.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 loes-leakage capacitor. Be-
cause apotentiometer is used to divide
the reference voltage, resistor tempco
isn't as critical here — iYs 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-
ingbias. 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 100mA load current
flowing through 1 inch of #20 wire pro-
duces avoltage drop of 100µV —which is a
100ppm error fora 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 1µV, tempco

below 1ppm/°C, output impedance below
1µS2, and drift below 1ppm/working day.
we wiii iaiic more about such precision

and low-noise design in the next chapter.

❑ 6.22 Micropower regulators

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 50µA
circuit with it for about a year (8800
hours). If such micropower circuits need
regulated voltages, you clearly can't a~'ord
to squander the 3mA 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-terminal 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
75µA. For even lower quiescent currents
there are the ICL7663/4 (or MAX663/4),
adjustable regulators of both polarities with
4µA 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 alithium-battery-powered heart
pacemaker, that converts an input voltage
in the range +5 volts down to +3 volts (as
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+3 to +5V

110 turns #36

15mH on Ferroxcube 905387

10MSZ 3.3MS2 
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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 1µA 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
ef~'icient because of regulator losses follow-
ing the higher unregulated do 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 Qz's base pulls
QZ's collector to ground, triggering the
4098, a device known as a "monostable

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 ado output voltage larger than the
do input, or even of opposite polarity. We
mentioned there that flying-capacitor volt-
age converters let you do some of the same
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Figure 6.58. Flying-capacitor voltage inverter.
Cl and Cz are external 10µF 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
Intersil, 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 V;n; then, during the second
half cycle, Cl is disconnected from the
input and connected, upside-down, across

the output. It thus transfers its charge to
CZ (and the load), producing an output of
approximately —U;,,. Alternatively, to use
the 7662 to create an output of 2U;,, you
can arrange things so that C1 charges as
before, but then gets hooked in series with
V„ 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, V;n can only range from 4.5 to
20 volts (1. SV to l OV 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 poR
(see Chapters 10 and 11) on a circuit board
that has only +5 volts available.

m
0

a
5
o ~

61

load current (mAl

Figure 6.59. The output voltage of aflying-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 f 10
volts (up to IOmA) from +5 volts (Fig.
6.60). The similar LT 1026 from LTC op-
erates to f20 volts output (up to 20mA)
and uses smaller capacitors (1µF instead of
20µF). The LT1054 from LTC combines a
flying-capacitor converter with a linear reg-
ulator to provide a stiff regulated output up
to 100mA (at lower efficiency, of course).
The MAX232 series and the LT1080 com-
bine a f 10 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 LTC 1043
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 LTC 1043 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

voltage and current, as a complete instru-
ment. In this section we will look at some
of the more successful circuit techniques.

v~~
22µF V, +10V

MAX680 22µF
_ Rey, = zoon

LT1026*

~ v -iov
22µF

G ~... 22µF

1 µF capacitors; Ro,,, = t 0052

Figure 6.60. Flying-capacitor dual supply. The
LT1026 is similar, but has Rout ~ 100 ohms
and requires only 1µF capacitors.

❑ 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
forma 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 (SA) and LM396 (l0A), although
these have lower voltage ratings. Three-
terminal regulators won't work as current
sources below about IOmA, 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 (50µA, 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 volt fixed 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.

❑ 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

R~

~.osa

2-termir
referenc
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

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 do 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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A

V,e~

collector is at ground, so you don't have to
worry about insulating the transistor case
from the heat sink.

In both circuits, Rsense 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, Raense should
probably be a set of precision power resis-
tors, with the appropriate resistor selected
by a range switch.

❑ Grounded load

I~

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 QZ
is in the ground return of the high-current
supply. The advantage here is that its

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 ahigh-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 RSe„8e• An addi-
tional low-current supply with grounded
common would be needed if other op-
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. Qi 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

381
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- v,ef

low-current
supply

— Vref } COfTI

R,

RZ

Rsense

com +
high current

supply

i ~

~ \ ~ ~

~ ~

Q,

~,

~ ~ \

load

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

of the instrument. This circuit is well
suited as a simple bench-instrument cur-
i ~i1i JV iil lrCG~ wiL11 L11G 1V W'G U11 Glll J~Jlll SU~J—

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 (f 15) or
triple (+5, f 15), packaged in "potted"
modules that are usually 2.5" x 3.5", 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 f 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 f 15 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

~ T1. 'rl. 1., a t..7'-t-vJuii~. iiiCj' ~viuC vJiui Siii~ic auu iiiuiu~iG

outputs, in both linear and switchers.
Fully enclosed linears fall in the 15-750
watt range, switchers in the 25-1500 watt
range.
4. Wall plug-in power supplies: These are
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 do supply, and (c) complete
regulated supply; the latter can be either
linear or switcher. For example, Ault has a
nice series of dual (f 12V or f 15V) and
triple (+SV and f 12V or f 15V) 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 do output. Some of the
switching units allow a full 95 to 252
volts ac input range, useful for traveling
instruments. We'll 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.

ADDITIONAL EXERCISES

(1) Design a regulated supply to deliver
exactly + 10.0 volts at currents up to
IOmA using a 723. You have available a
15 volt (rms) 100mA 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 suf~'i-
cient to accommodate the production
spread of internal reference voltages
(6.80V to 7.SOV).
(2) Design +5 volt SOmA 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 100mA onset (full-
voltage current limit) and 25mA short-
circuit current limit; (e) a 317 3-terminal
adjustable positive regulator; (t~ discrete
components, with zener reference and
feedback. Be sure to show component
values; provide IOOmA current limiting
for (a), (c), and (fj.
(3) Design a complete +5 volt SOOmA
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
~ 10% 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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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

devices 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

TECHNIGIUES

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

391
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precision; voltage measurements are ac-
curate to 0.01 % or better. Such a de-
vice aiso 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 10,000:1
range of input currents) with only mod-
erate accuracy (1%) 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

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 lOmV, 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 sufi'ice, 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-
tremelyprecise 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 radiofrequency 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 do 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 7.1 shows the circuit.
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Figure 7.1. Autonulling do laboratory amplifier.

Circuit description if desired. For now, just think of it as a

simple SPST switch.

The basic circuit is a follower (Ul) driving When the logic input is HIGH ("auto-

an inverting amplifier of selectable gain zero"), the switch is closed, and U3 charges

(UZ), the latter offsettable by a signal the analog "memory" capacitor (Cl) as

applied to its noninverting input. Q1 and necessary to maintain zero output. No

QZ are FETs, used in this application as attempt is made to follow rapidly changing

simple analog switches; Qg—Q5 generate signals, since in the sort of application

suitable levels, from alogic-level input, for which this was designed the signals

to activate the switches. Q1 through Q5 are essentially dc, and some averaging

and their associated circuitry could all is a desirable feature. When the switch

be replaced by a relay, or even a 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 ther~afte~.
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 Cl
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
Ril—R14, according to the gain setting.
This is done to avoid problems with
dynamic range and accuracy in U3i
since drifts or errors in the offset holding
circuitry are not amplified by UZ (more on
this later).

7.04 Aprecision-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 of the three are resistor toler-
ances, input offset voltage, and errors
due to finite slew rate, respectively.

Let's start by setting out our error bud-
get. It is based on a desire to keep input
errors down to the 10µV 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)
1. Buffer amplifier (Ul)
Voltage errors referred to input:

Temperature 1.2µV/4°C
Time 1.0µV/month
Power supply 0.3~CV/100mV change
Bias current xRg 2.0µV/lk of RS
Load-current heating 03µV ~a full scale (lOV)

2. Gain amplifier (UZ)
Voltage errors referred to input:

Temperature l .2µV/4° C
Time 1.0µV/month
Power supply 0.3µV/IOOmV change
Bias offset current drift 1.6µV/4°C/Ik
Load-current heating 0.3µV @full scale

(RL > lOk)

3. Hold amplifier (U3)
Voltage errors referred to output:

U3 offset tempco 60µV/4°C
Power supply 10µV/100mV change
Capacitor droop 100µV/min
(see current error budget)
Charge transfer 10µV

Current errors applied to Cl (needed for
preceding voltage error budget):
Capacitor leakage
Maximum (uncompensated) (100pA)
Typical (compensated) IOpA

U3 input current 0.2pA
U3 & U4 offset voltage
across R15 1.OpA

FET switch OFF leakage O.SpA
Printed-circuit-board leakage S.OpA

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

PRECISION OP-AMP DESIGN TECHNIQUES
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specifications: temperature coef~'icient

(tempco), SOppm/°Cover 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,

f2%; 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 (Sppm/°C 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,

R3—R9, 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 Ul. Given

the value of R3, the feedback network is

forced to take on its complicated form to

keep the resistor values below 301 k, 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,

Rll—R14; 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, Cl. 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 Cl 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 current of 100pA
at full output (lOV), corresponding to
a droop rate of nearly 1mV/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 errors produced

by components external to the amplifiers
themselves, it should be pointed out that
leakage in FET switches is normally in the
range of 1 nA, a value completely unac-
ceptable in this circuit. The trick of us-
ing apair of series-connected FETs, with
Q2's leakage resulting in only 1mV across
Ql (with negligible leakage into U3'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 currents through Cl down in the
picoampere range. The philosophy is

the same everywhere: 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: OQ = CGCOUG. 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 3N 156 specifies a C~.39 (drain-
gate capacitance) of 1.3pF maximum, and
a Ci88 (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 DUC =
OQ/Cl = 7.5µV across the 10µF 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
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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 FET,

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 R;,,,

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 1 k.

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 LT 1012, 312,

and LM 11 can also have surprisingly

low input currents. As an example,

compare the OP-77 precision bipolar

op-amp with the LT 1012 (bipolar, opti-

mized for low bias current), the OPA111

(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

PRECISION OP-AMP DESIGN TECHNIQUES
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writing, and we've chosen the best grade
of each one:

Bias Offset
current voltage Tempco
25°C @ 25°C of Vos

IB max Uos max ~Uo9 max

OP-77E 2000pA 25µV 0.3µV/°C
(bipolar)

LT1012C 150pA 50µY 1.5µV/°C
(superbeta)

OPA111B 1pA 250µV 1µV/°C
(JFET)

AD549L 0.06pA 500µV 10µV/°C
(JFET)

ICH8500A O.O1pA 50,000µV 2000µV/°C
(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
TLC270 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 do source re-

sistance, as we discussed in Section 4.12;

then the op-amp's offset 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. Op-amp input current versus tem-
perature.
A. Logarithmic scale
B. Linear scale

term smaller; look back at Additional
Exercise 8 at the end of Chapter 2 to see
how iYs done. With op-amps of this type
you generally don't gain anything by
matching the do resistances seen by the
two inputs, since for abias-compensated
op-amp the residual bias current and
the ofi'set current are comparable.
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

for every 10°C increase in chip tempera-
ture; see Fig. 3.30). Since FET op-amps
uften run warm (the popular 3~6 dissipates
150mW 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 OPA111 with its 1pA
input current (at 25°C) will have an in-
put current of about IOpA at 65°C chip
temperature, which is higher than the in-
put current of the superbeta LT 1012 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
LM11 at 25°C and is many times higher at
elevated temperatures. Finally, when com-
paring op-amp input currents, watch out
for some FET types whose IB depends on
the input voltage. The spec sheet usually
lists IB only at 0 volts (mid-supply), but a
good data sheet will show curves as well.
See Figure 7.3 for some typical IB—j ;n be-
havior. Note the excellent performance of
the OPA111, due in part to its cascode
input stage.
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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

VO9 values generally in the tens of micro-
volts to ordinary jellybean op-amps like

the LF411 with Voa values of 2 to SmV. At

the time of writing, the champion in the
(non-chopper, see below) world of low off-

sets is the MAX400M (VO8 = 10µV, 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 Vos
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.

+15mV

T3 +~~

T2

T ~ +5

~_~—~~
—5 —4 —3 —2 —1

pot turns —►

+1 +2 +3 +4 +5

—5 ~ \\\
Ti

—10

—15mV

Figure 7.4. Typical op-amp offset versus offset-
adjustment 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 VO3 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 anarrow-range trim
circuit like the ones shown in Figure 7.5,
which have afull-scale range of (50µV,
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 1µV/°C;
at the time of writing, the AD707 claims
the smallest drift (for anon-chopper op-
amp) - OVos = 0.1µV/°C, max.

Another factor to keep in mind is the
drift caused by self-heating of the op-amp
when it drives a loes-impedance load. It
is often necessary to keep the load im-
pedance above lOk to prevent large errors
from this effect. As usual, that may com-
promise the next stage'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
precision 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

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, those 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 VGs(oN~ electric field, resulting in
a drift of the offset voltage under closed-
loop conditions of as much as O.SmV 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 VO8 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 (50µV
eventual offset drift per volt of differential
input).
There is an important exception to

the generalization that FET op-amts,
particularly MOSFET types, suffer from
larger initial offsets and much larger
drifts of VO8 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

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



T
A
B
L
E
 7
.1
. 
S
E
V
E
N
 P
R
E
C
I
S
I
O
N
 O
P
-
A
M
P
S

P
a
r
a
m
e
t
e
r
 

S
y
m
b
o
l

bi
po
la
r

O
P
-
7
7
E

ty
p
 m

in
/m
ax

l
o
w -
no
is
e

O
P
-
2
7
E

ty
p 

mi
n/
ma
x

l
o
w -

bi
as

L
T
1
0
1
2
C

ty
p
 m

in
/m
ax

m
i
c
r
o
p
o
w
e
r

O
P
-
9
0
E

ty
p 

mi
n/
ma
x

fa
st

 J
F
E
T

L
T
1
0
5
5
A

ty
p
 m

in
/m
ax

l
o
w
-b
ia
s 
J
F
E
T

O
P
A
1
1
1
 B

ty
p
 m

in
/m
ax

c
h
o
p
p
e
r

M
A
X
4
3
0
C

ty
p
 m

in
/m
ax

un
it

s

O
ff
se
t 
vo
lt
ag
e

V
os

1
0

2
5

1
0

2
5

1
0

5
0

5
0

1
5
0

5
0

1
5
0

5
0

2
5
0

1 
5

µ
V

O
ff
se
t 
vo
lt
ag
e 
dr
if
t

4
V
os

0
2

-
0.
2

1
0.

3
-

0.
3

2
-

-
-

-
0.

1 
-

µV
/m

on
th

B
ia
s 
cu
rr
en
t

Ib
1.
2

2
1
0

4
0

0.
03

0.
15

4
1
5

0.
01

0.
05

0
.
0
0
0
5

0.
00
1

0.
02

 
0
2

n
A

O
ff
se
t 
cu
rr
en
t

lo
s

0.
1

1.
5

7
3
5

0.
02

0.
15

0.
4

3
0.

00
2

0.
01

0
.
0
0
0
3
0
.0
00
8

0.
01

 
0.
1

n
A

In
p
u
t
 r
es

is
ta

nc
e 
-
 di

ff
'I

R~
~

4
5

2
5

6
1.
3

-
-

3
0

-
1
06

-
1
0
~

-
1
06
 

-
M
5
2

In
p
u
t
 r
es

is
ta

nc
e 
-
c
o
m
m
o
n
 m
o
d
e

Ri
nC
M

2
0
0

-
3

-
-

-
2
0

-
1
03

-
1
05

-
1
03
 

-
G
S
2

In
p
u
t
 n
oi

se
 v
ol
ta
ge
 (
0.
1-
10
Hz
)

e~
 p
p

0.
4

0.
6

0.
1

0.
2

0.
5

-
3

-
1.
8

-
1.

2
2.

5
1.
1 

-
u
V
,
 p
p

I n
p
u
t
 n
oi

se
 v
ol
ta
ge
 d
en
si
ty
 (
1
0
H
z
)

e
n

1
0

1
8

3.
5

5.
5

1
7

3
0

6
0

-
2
8

5
0

3
0

6
0

- 
-

n
V
/
J
H
z

In
p
u
t
 n
oi
se
 v
ol
ta
ge
 d
en
si
ty
 (
1 
k
H
z
)

e~
1
0

11
3

4
1
4

2
2

6
0

-
1
4

2
0

7
1
2

- 
-

nV
/,
IH
z

I n
p
u
t
 n
oi

se
 c
ur
re
nt
 d
en
si
ty
 (
1
0
H
z
)

i~
0.
3

0.
8

1.
7

4
0.
02

-
1.

5
-

0.
00

2
0.
00
4

0
.
0
0
0
4

-
0.

01
 

-
pA

/~
IH

z

I n
p
u
t
 n
oi
se
 c
ur
re
nt
 d
en
si
ty
 (
1 
k
H
z
)

i~
0.
1

0.
2

0.
4

0.
6

0.
00
6

-
0.

7
-

0
.
0
0
2

0
.
0
0
4

0
.
0
0
0
4

-
- 

-
p
A
/
J
H
z

L
a
r
g
e
 s
ig

na
l 
vo
lt
ag
e 
ga

in
A
go

1
2

5
1.
8

1
0.
2

2
1.
2

0.
7

0.
4

0.
01

5
2

1
3
0
 

1
V
/
µ
V

C
o
m
m
o
n
-
m
o
d
e
 r
ej
ec
ti
on
 r
at
io

C
M
R
R

1
4
0

1
2
0

1
2
6

1
1
4

1
3
2

1
1
0

1
3
0

1
0
0

1
0
0

8
6

1
1
0

1
0
0

1
4
0
 

1
2
0

d
B

P
o
w
e
r
 s
u
p
p
l
y
 r
ej

ec
ti

on
 r
at
io

P
S
B
R

1
2
0

1
1
0

1
2
0

1
0
0

1
3
2

1
1
0

1
2
0

1
0
5

1
0
6

9
0

1
1
0

1
0
0

1
4
0
 

1
2
0

d
6

S
l
e
w
 r
at
e

S
R

0.
3

0.
1

2.
8

1.
7

0.
2

0.
1

0.
01

0.
00

5
1
3

1
0

2
1

0.
5 

-
V/
µs

G
ai
n-
b
a
n
d
w
i
d
t
h
 p
r
o
d
u
c
t

G
B
W

0.
6

0.
2

8
5

1
-

0.
02

-
5

-
2

-
0.
5 

-
M
H
z

S
u
p
p
l
y
 c
ur
re
nt

IS
1.
7

2
3

4.
7

0.
4

0.
6

0.
01
4

0.
02

2.
8

4
2.
5

3.
5

1.
3 

2
m
A

(
O
v
e
r
 t
em
pe
ra
tu
re
 r
an
ge
)

T
-2

5 
to
 +
8
5

-2
5 
to
 +
8
5

0
 t
o
+
7
0

-2
5 
to
 +
8
5

0
 t
o
+
7
0

-2
5 
to
+
8
5

0
 t
o 
+
7
0

°
C

O
ff
se
t 
vo
lt
ag
e

V
os

1
0

4
5

2
0

5
0

2
0

1
2
0

7
0

2
7
0

1
0
0

3
3
0

1
0
0

5
0
0

- 
-

µ
V

O
ff
se
t 
vo
lt
ag
e 
t
e
m
p
c
o

T
C
V
os

0.
1

0.
3

0.
2

0.
6

0.
2

1.
5

0.
3

2
1.
2

4
0.

5
1

0.
02

 
0.

05
µV

/~
C

B
ia
s 
cu
rr
en
t

Ib
2.

4
4

1
4

6
0

0.
03

5
0.
23

4
1
5

0.
03

0.
15

0.
03

0.
13

0.
05

 
-

n
A

O
ff
se
t 
cu
rr
en
t

lo
s

0.
1

2.
2

1
0

5
0

0.
02

0
2
3

0.
8

3
0.
01

0.
05

0.
02

0.
1

0.
04

 
-

n
A

A 0 ~
+

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



PRECISION CIRCUITS AND LOW-NOISE TECHNIQUES
402 Chapter 7

to sense, and correct, the residual offset
error of an ordinary op-amp (which itself
i~ oiien built with MOSFE i s, on the same
chip). Chopper-stabilized op-amps deliver
lower voltage offsets and drifts than even
the best precision bipolar op-amps — 5µV
(max), 0.05µV/°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 do 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 do 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 110dB at dc, meaning
that a 0.3 volt change in one of the
power-supply voltages causes a change

at the output equivalent to a change in
differential input signal of 1µV.
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 Vos 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 2µV/lk source im-
pedance; a JFET LT1055A, although
giving negligible current error, would give
voltage offset drifts of 16µV/4°C (4°C is
considered a typical laboratory ambient
temperature range). The input follower
is provided with of~'set trimming, since
the initial 25µV 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%). Dl and D2 are included for
input overvoltage protection and are low-
leakage types (less than 1 nA).
Ul 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

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



chosen keeps heating down to 5.6mW (at

7.SV output, the worst case), which works

out to a temperature rise of 0.8°C (the op-

amp has a thermal resistance of about

0.14°C/mW, see Section 6.04), with a con-

sequent voltage offset of 0.3µV. The re-

sultant lOk source impedance seen by UZ

results in an error due to bias-current off-

set, but since UZ is inside a feedback loop

with U3 trimming the overall offset to zero,

all that matters is the drift in the current

error term. The OP-77 has a specifica-

tion for bias offset drift with temperature

(not often specified by manufacturers, in-

cidentally), from which the error result of

1.6µV/4°C in the error budget is calcu-

lated. Reducing the value of R3 would

improve this term, at the expense of the

heating term in Ui.
As explained in the overall circuit de-

scription earlier, the value of R3 forces

the bizarre feedback T network in order

to keep the feedback resistor values in the

range where precision wire-wound resis-

tors can be manufactured. Using the ordi-

nary inverting amplifier configuration,

for example, you would need resistors of

100.Ok, 1.OM, and lO.OM for gains of 10,

100, and 1000, respectively.

The do input impedance of U2 comes

closer to presenting a problem. At a

gain of 1000 its differential input imped-

ance of 25M is bootstrapped by a factor of

A~ol/1000 to 125,000M. Fortunately this

exceeds the 9.4k impedance of the gain-

setting network by a factor of more than

a million, contributing much less than

0.01 % error. This is one of the toughest

examples we could think of, and even

so the op-amp input impedance presents

no problem, thus demonstrating that, in

general, you can ignore the effects of op-

amp input impedances.
Drifts in offset voltage in both Ul and

U2 over time, temperature, and power-

supply variations affect the final error

equally and are tabulated in the budget.

It is worth pointing out that they are all

PRECISION OP-AMP DESIGN TECHNIQUES
7.07 Amplifier output errors

automatically cancelled at each "zeroing"

cycle, and only short-term drifts matter

anyway. These errors are all in the
microvolt range, thanks to a good op-
amp. U3 has larger drifts, but it must
be a FET type to keep capacitor current
small, as already explained. Since U3's
output is attenuated according. to the gain
selected, its error, referred to the input, is
reduced at high gain. This is an important
point, since high gains are used with small
input signal levels where high accuracy is
needed. U3's errors are always the same at
the output, and they are therefore specified
as output errors in the error budget.
Note the general philosophy of design

that emerges from this example: You work
at the problem areas, choosing configu-
rations and components as necessary to
reduce errors to acceptable values. Trade-
offs and compromises are involved, with

some choices depending on external fac-

tors (e.g., the use of a FET-input follower

for Ul would be preferable for source
impedances greater than about SOk).
Table 7.2 compares the specifications of

op-amps you might choose for precision

circuit design.

7.07 Amplifier output errors

As we discussed in Chapter 4, op-amps
have some serious limitations associated
with the output stage. Limited slew
rate, output crossover distortion (see Sec-
tion 2.15), and finite open-loop output

impedance can all cause trouble, and they

can cause precision circuits to display

astoundingly large errors if not taken into

account.

Slew rate: general considerations

As we mentioned in Section 4.11, an op-

amp can swing its output voltage only at

some maximum rate. This effect originates

in the frequency-compensation circuitry

of the op-amp, as we will explain in a

bit more detail shortly. One consequence
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m
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frequency

Figure 7.6. Maximum output swing versus
frequency.

of finite slew rate is to limit the output
swing at high frequencies, as we showed in
Section 4.12 and illustrated in Figure 7.6:

Vpp = S/7f f

A second consequence is best explained
with the help of a graph of slew rate versus
differential input signal (Fig. 7.7). The
point to be made here is that a circuit that

+v~~

~+~

A

Figure 7.7. A substantial differential input
voltage is required to produce full op-amp slew
rate.

demands a substantial slew rate operates
with a substantial voltage error across the
op-amp's input terminals. This can be
disastrous fora circuit that pretends to be
highly precise.
Let's look at the innards of an op-amp in

order to get some understanding of the ori-
gin of slew rate. The vast majority of op-
amps can be summarized with the circuit

C

—► A » i +1
Figure 7.8. Typical op-amp internal
compensation scheme.

output slew rate
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shown in Figure 7.8. A differential input

stage, loaded with a current mirror, drives

a stage of large voltage gain with a compen-

sation capacitor from output to input.The

output stage is a unity-gain push-pull fol-

lower. The compensation capacitor C is

chosen to bring the open-loop gain of the

amplifier to unity before the phase shifts

caused by the other amplifier stages have

become significant. That is, C is chosen

to put fT, the unity-gain bandwidth, near

the frequency of the next amplifier rolloff

pole, as described in Section 4.34. The in-

put stage has very high output impedance,

and it looks like a current source to the

next stage.

The op-amp is slew-rate-limited when

the input signal drives one of the differen-
tial-stage transistors nearly to cutoff, driv-

ing the second stage with the total emitter
current IE of the differential pair. This
occurs for a differential input voltage of

about 60mV, at which point the ratio of

currents in the differential stage is 10:1.

At this point Q5 is slewing its collector as
rapidly as possible, with all of IE going

into charging C. Q5 and C thus form an
integrator, with aslew-rate-limited ramp as
output. Read the accompanying section

"Slew rate: a detailed look" to see how

to derive an expression for the slew rate,
knowing how bipolar transistors work.

❑ SLEW RATE: A DETAILED LOOK

First, let us write an expression for the open-loop small-signal ac voltage gain, ignoring phase shifts:

AV = .9~n,XC = 9m~2~r f C

from which the unity-gain bandwidth product (the frequency at which Ay = 1) is

1 9m
fT — 2~r C

Now, the slew rate is determined by a current IE charging a capacitance C:

S — ta —c
For the usual case of a differential amplifier with no emitter resistors, gm is related to IE by

1 _ IE _ IE
gm re 2UT 50mV

By substituting this into the slew-rate formula, we find

S=2UT 
C

i.e., the slew rate is proportional to g-,,,,/C, just the same as the unity-gain bandwidth! In fact,

S = 4~rUTfT = 0.3fT

with fT in MHz and S in V/µs. This is independent of the particular values of C, g,,,,, IE, etc., and

it gives a good estimate of slew rate (e.g., the classic 741, with fT ~ 1.5MHz, has a slew rate of

0.5V/µs). It shows that an op-amp with greater gain-bandwidth product fT will have a higher slew

rate. You can't improve matters in a slow op-amp by merely increasing input-stage current IE,

because the increased gain (from increased g,,,,) then requires a correspondingly increased value

of C for compensation. Adding gain anywhere else in the op-amp doesn't help either.

The preceding result shows that increasing fT (by raising collector currents, using faster

transistors, etc.) will increase the slew rate. A high fT is, of course, always desirable, a fact

not lost on the IC designer, who has already done the best he can with what's on the chip. However,

407
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there is a way to get around the restriction that S = 0.3 fT. That result depended on the fact that
the transconductance was determined by IE (through g,,,, = IE/2UT). You can use simple tricks
to raico T., lanri +hcrgfnro Oho ~lo~.~ .0~~1 ".1~~~~ L.,...,'.... +' i.,.-~+ a~....,.s,.....~.. vc ii i ai iu a ~Gi Givi C l.VI11~C11JdlIVI I~ 111(CU. I fIC

easiest is to add some emitter resistance to the input differential amplifier. Lets imagine we do
something like that, causing IE to increase by a factor m while holding g,,,, constant. Then, by going
through the preceding derivation, you would find

S = 0.3m fT

EXERCISE 7.1
Prove that such a trick does what we claim.

❑ Increasing slew rate

Here, then, are some ways to obtain a high slew rate: (a) Use an op-amp with high fT. (b) Increase fT
by using a smaller compensation capacitor; of course, this is possible only in applications where the
closed-loop gain is greater than unity. (c) Reduce the input-stage transconductance gm by adding
emitter resistors; then reduce C or raise IE proportionately. (d) Use a different input-stage circuit.
The third technique (reduced g„L) is used in many op-amps. As an example, the HA2605 and

HA2505 op-amps are nearly identical, except for the inclusion of emitter resistors in the input stage
of the HA2505. The emitter resistors increase the slew rate, at the expense of open-loop gain. The
following data demonstrate this trade-off. FET op-amps, with their lower input-stage gT,L, tend to
have higher slew rates for the same reason.

HA2605 HA2505
fT 12MHz 12MHz
Slew rate 7V/µs 30V/µs
Open-loop gain 150,000 25,000

The fourth technique generally uses the method of "cross-coupled transconductance reduction,"
which involves having a second set of transistors available at the input stage, biding their time
during small signal swings, but ready to help out with some extra current when needed. This has
the advantage of improved noise and offset performance, at the expense of some complexity, as
compared with the simple emitter resistor scheme. This technique is used in the Harris HA5141 and
HA5151, Raytheon 4531, and Signetics 535 and 538 to boost the slew rate for large differential input
signals. The resultant graph of slew rate versus input error signal is shown in Figure 7.9.

booster

m times

slew
faster

rate

i ~ conventional

—60mV +60mV

'----~—~~'' Vdiff

Figure 7.9

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



PRECISION OP-AMP DESIGN TECHNIQUES
7.07 Amplifier output errors 409

Bandwidth and settling time

Slew rate measures how rapidly the out-
put voltage can change. The op-amp slew-
rate specification usually assumes a large
differential input voltage (60mV or more),
which is realistic, since an op-amp whose
output isn't where it's supposed to be will
have its input driven hard by feedback, as-
suming areasonable amount of loop gain.
Of perhaps equal importance in high-speed
precision applications is the time required
for the output to get where it's going fol-
lowing an input change. This .settling-time
specification (the time required to get with-
in the specified accuracy of the final value
and stay there, Fig. 7.10) is always given
for devices such as digital-to-analog con-
verters, where precision is the name of the
game, but it is not normally specified for
op-amps.

Ur~,ai ± X%

input

Sometimes defined to Va,,, -logic threshold,

or v~,~~i = 0.5 vr~~,.~i

Figure 7.10. Settling time defined

We can estimate op-amp settling time
by considering first a different problem,
namely what would happen to a perfect
voltage step somewhere in a circuit if it
were followed by a simple RC low-pass
filter (Fig. 7.11). It is a simple exercise
to show that the filtered waveform has

the settling times shown. This is actually
an important result, since you often limit
bandwidth with a filter to reduce noise
(more on that later in the chapter). To
extend this simple result to an op-amp, just
remember that a compensated op-amp has
a 6dB/octave rolloff, just like glow-pass
filter. When connected for closed-loop
gain GcL, its "bandwidth" (the frequency
at which the loop gain drops to unity) is
approximately given by

f3dB = fT~GCL

As a general result, a system of bandwidth
B has response time T =1 /2~rB; thus, the
equivalent "time constant" of the op-amp
is

T ~ GCL~27~,fT

The settling time is then roughly ST— IOT.

Settle to 1 % in = 5RC

— — I 0.1 % in =7RC

i 0.01 % in = 9RC

R
f ~~f

=C

RC
T ►

Figure 7.11. Settling time of an RC low-pass
filter.

Let's try our prediction on a real case.
The OP-44 from PMI is a precision fast-
settling decompensated (GCL > 3) op-
amp, with an fT of 23MHz (typ). Our
simple formula then estimates the response
time to be 21 ns, which implies a settling
time of 0.15µs (7T) to 0.1%. This is
in pretty good agreement with the actual
value, which the data sheet gives as 0.2µs
(typ) to 0.1 %.

There are several points worth making:
(a) Our simple model only gives us a lower
bound for the actual settling time in a real
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circuit; you should always check the slew-
rate-limited rise time, which may domi-
nate. (b) Even if sieve rate is not a problem,
the settling time may be much longer than
our idealized "single-pole" model, depend-
ing on the op-amp's compensation and
phase margin. (c) The op-amp will settle
more quickly if the frequency compensa-
tion scheme used gives a plot of open-loop
phase shift versus frequency that is a nice
straight line on a log-log graph (e.g., the
OP-42, Fig. 7.12); op-amps with wiggles
in the phase-shift graph are more likely to
exhibit overshoot and ringing, as in the
upper waveform shown in Figure 7.10.
(d) A fast settling time to 1%, say, doesn't
necessarily guarantee a fast settling time
to 0.01 %, since there may be a long tail
(Fig. 7.13). (e) There's no substitute for an
actual settling-time specification from the
manufacturer.
Table 7.3 lists a selection of high-speed

op-amps suitable for applications that de-
mand high fT, high slew rate, fast settling
time, and reasonably low offset voltage.

~ 100
phase 45

~ 80 phase margin = 47° 90

a 60 135
o
~ 40 gain ~ — 180 y

0 20

~

225 a

0 270

— 20 gain
margin = 9dB

n v ~, an..,v

~o~

a

~g

~«- settling time

0
°' o.oi ~~

time --►

Figure 7.13. A. Slew rate decreases when input
error approaches 60mV.
B. Settling to high precision can be surprisingly
lengthy.

We calculated in Chapter 3 the expression
for closed-loop gain in a feedback ampli-
fier, G = A/(1 +AB), where A is the
open-loop gain and B is the "gain" of the
feedback network. You might think that
the A > 100dB of op-amp open-loop gain
is plenty, but when you try to construct
extremely precise circuits you are in for a
surprise. From the preceding gain equa-
tion it is easy to show that the "gain error,"
defined as

Gideal — tactual
Gideal

SG =gain error

is just equal to 1 /(1 -I-AB) and ranges from
O forA=onto 1 (100%)forA=O.

-~~,
10 100 1k tOk 100k 1M 10M 100M

frequency

Figure 7.12. OP-42 gain and phase versus
frequency.

Gain error
There's one more error that arises from
finite open-loop gain, namely an error in
closed-loop gain owing to finite loop gain.

EXERCISE 7.2
Derive the foregoing expression for gain error.

The resulting frequency-dependent gain
error is far from negligible. For instance,
a 411, with 106dB of low-frequency open-
loop gain will have a gain error of 0.5%
when configured for aclosed-loop gain
of 1000. Worse yet, the open-loop gain
drops 6dB/octave above 20Hz, so our
amplifier would have a gain error of 10% at
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SOOHz! Figure 7.14 plots gain error versus
frequency, for closed-loop gains of 100 and
1000, for the OP-77, with its extraordinary
140dB of low-frequency gain. It should be
obvious that you need plenty of gain and
a high fT to maintain accuracy at even
moderate frequencies.

0.1
0

~aijl

0.001

Figure 7.14. OP-77 gain error.

We plotted these curves using the graph
of open-loop gain versus frequency given
in the data sheet. Even if your op-amp
data sheet provides a curve, it's best to
work backward from the specified fT and
do open-loop gain, figuring the open-loop
gain at the frequency of interest, hence
the gain error (as above) as a function of
frequency. This procedure yields

sG 1 -I- BfT/f

where B is, as usual, the gain of the
feedback network. Of course, in some
applications, such as filters, B may also
depend on frequency.

EXERCISE 7.3

Derive the foregoing result for 8G (f )

Crossover distortion and
output impedance

Some op-amps use a simple push-pull
output stage, without biasing the bases two

PRECISION OP-AMP DESIGN TECHNIQUES
7.07 Amplifier output errors

v,

Vdriver Vout

v
A

slew rate ~%
limited ~%~VOO`

OV
time

Vdrlver

Figure 7.15. Crossover distortion in class B
push-pull output stage.

diode drops apart, as we discussed in Sec-
tion 2.15. This leads to class B distortion
near zero output, since the driver stage
has to slew the bases through 2VBE as the
output current passes through zero (Fig.
7.15). This crossover distortion can be
substantial, particularly at higher frequen-
cies where the loop gain is reduced. It
is greatly reduced in op-amp designs that
bias the output push-pull pair into slight
conduction (class AB). The popular 741 is
an example of the latter, whereas its pre-
decessor, the 709, uses the simple class B
output-stage biasing. The otherwise ad-
mirable 324 can exhibit large crossover
distortion for this reason. The right choice
of op-amp can have enormous impact on
the performance of low-distortion audio
amplifiers. Perhaps this problem has con-
tributed to what the audiophiles refer to

411

frequency (Hz)
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as "transistor sound." Some modern op-
amps, particularly those intended for au-
dio applications, are designed to produce
extremely low crossover distortion. Exam-
ples are the LT1028, the LT1037, and the
LM833. The LM833, for example, has less
than 0.002% distortion over the full audio
band of 20Hz-20kHz. (That's the claim,
anyway; we may be overly gullible!) These
amplifiers all have very low noise voltage,
as well; in fact, the LT1028 is currently the
world noise-voltage champion, with en =
1.7nV/ Hz (max) at IOHz.
The open-loop output impedance of an

op-amp is highest near zero output volt-
age, because the output transistors are op-
erating at their lowest current. The output
impedance also rises at high frequency as
the transistor gain drops off, and it may
rise slightly at very low frequencies due to
thermal feedback on the chip.

It is easy to neglect the efFects of finite
open-loop output impedance, thinking that
feedback will cure everything. But when
you consider that some op-amps have
open-loop output impedances of a few hun-
dred ohms, it becomes clear that the effects
may not be negligible, especially at low to
moderate loop gains. Figure 7.16 shows
some typical graphs of op-amp output im-
pedance, both with and without feedback.

Driving capacitive loads

The finite open-loop output impedance of
op-amps leads to serious difficulties when

you attempt to drive a capacitive load,
owing to lagging phase shifts produced by
the output impedance in combination with
the load capacitance to ground. These can
lead to feedback instabilities if the 3dB
frequency is low enough, since it adds to
the 90° phase shift already present with
frequency compensation. As an example,
imagine driving a hundred feet of coaxial
cable from an op-amp with 200 ohms
output impedance. The unterminated
coax line acts like a 3000pF capacitor,

PRECISION OP-AMP DESIGN TECHNIQUES
7.07 Amplifier output errors
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Figure 7.16. A. Measured open-loop output
impedance for some popular op-amps.
B. Closed-loop output impedance for the 411
and OP-27 op-amps.

generating a loes-pass RC with a 3dB point
of 270kHz. This is well below the unity-
gain frequency of a typical op-amp, so
oscillations are likely at high loop gain (a
follower, for example).
There are a couple of solutions to this

problem. One is to add a series resistor,
taking feedback at high frequencies from
the op-amp output and feedback at low fre-
quencies and do from the cable (Fig. 7.17).

413

1 kHz 10kHz t00kHz 1MHz 10MHz

frequency
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X914 Chaptee 7

C load

0.5µF

Figure 7.17

The parts values shown in the second cir-
cuit are specific for that op-amp and cir-
cuit configuration, and they give an idea of
how large a capacitance can be driven. Of
course, this technique degrades the high-
frequency performance, since feedback
isn't operative at high frequencies on the
signal at the cable.

Unity-gain power buffers

If this technique of split feedback paths is
unacceptable, the best thing to do is add
a unity-gain high-current buffer inside the
loop (Fig. 7.18). The devices listed have

voltage gain near unity and low output im-
pedance, and they can supply up to 250mA
output current. They have no significant
phase shifts up to the unity-gain frequency
(fT) of most op-amps, and they can be
included in the feedback loop without
any additional frequency compensation.
Table 7.4 presents a brief listing of buffer
amplifiers. These "power boosters" can, of
course, be used for loads that require high
current, regardless of whether or not there
are problems with capacitance. Unfortu-
nately, most buffer amplifiers do not con-
tain either internal current limiting or ther-
mal shutdown circuits and must therefore

Figure 7.18
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main amp

inp

square- ~
wave —

oscillator

output

Figure 7.19. 7650-type chopper-stabilized
= op-amps.

be used carefully. The exceptional devices
that include on-chip protection are noted
in Table 7.4, for example the LT 1010.
Note also that the preceding example

would be changed if the cable were ter-

minated in its characteristic impedance.
In that case it would look like a pure
resistance, somewhere in the range of

50 to 100 ohms, depending on the type of
cable. In such a case a buffer would be
mandatory, with f200mA drive capability
in order to drive f 10 volt signals into the
50 ohm load impedance. This subject is
discussed in greater detail in Section 13.09.
The preceding circuit example does not

suffer from any op-amp output-related
errors, since it operates essentially at dc.

7.08 Auto-zeroing (chopper-stabilized)
amplifiers

Even the best of precision low-offset op-
amps cannot match the stunning Vo8
performance of the so-called "chopper-

stabilized" or "auto-zero" op-amps. Iron-
ically, these interesting amplifiers are built
with CMOS, otherwise famous for its medi-

ocrity when it comes to offset voltage or

drift. The trick here is to put a second
nulling op-amp on the chip, along with
some MOS analog switches and offset-error

storage capacitors (Fig. 7.19). The main
op-amp functions as a conventional

imperfect amplifier. The nulling op-amp's
job is to monitor the input offset of the
main amplifier, adjusting a slow correction
signal as needed in an attempt to bring
the input offset exactly to zero. Since the
nulling amplifier has an offset error of its
own, there is an alternating cycle of opera-
tion in which the nulling amplifier corrects
its own offset voltage.
Thus, the auto-zeroing cycle goes like

this: (a) Disconnect nulling amplifier from
input, short its inputs together, and couple
its output back to Cl, the holding capac-
itor for its correction signal; the nulling
amplifier now has zero offset. (b) Now
connect nulling amplifier across input,
and couple its output to C2, the holding
capacitor for the main amplifier's correc-
tion signal; the main amplifier now has
zero offset. The MOS analog switches are
controlled by an on-board oscillator, typ-
ically at a rate of a few hundred hertz.
The error-voltage holding capacitors are
typically 0.1µF and in most cases must
be supplied externally; LTC, Maxim, and
Teledyne make some convenient auto-
zero amplifiers with discrete capacitors
encapsulated right into the IC package.
Auto-zero op-amps do best what they

are optimized for, namely delivering VO9
values (and tempcos) five times better than
the best precision bipolar op-amp (see
Table 7.2). What's more, they do this while
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0.1 Hz NOISE

OP-07

o. i ~~ vide

MAX420

20s/div

1Hz NOISE

5s/div

Figure 7.20. At very low frequencies achopper-stabilized op-amp has lower noise than a
conventional low-noise op-amp.
A. do to 0.1 Hz
B. do to 1Hz (Courtesy of Maxim Integrated Products, Inc.)

delivering full op-amp speed and band-
width, unlike earlier synchronous ampli-
fiers that were also called "chopper ampli-
fiers," but which had bandwidth limited to
a fraction of the chopping clock frequency
(see below).
That's the good news. The bad news

is that auto-zero amplifiers have a num-
ber of diseases that you must watch out
for. First of all, being CMOS devices,
most of them have a severely limited
supply voltage (typically 15V total supply)
and thus cannot run from conventional
f 15 volt supplies. The Maxim MAX430/2
and Teledyne TSC915 and TSC76HV52
"high-voltage" auto-zero op-amps are ex-
ceptions and will operate from f 15 volt
supplies. Second, most auto-zero op-amps
require external capacitors (exceptions:
LTC 1050, Maxim MAX430/2, Tele-
dyne TSC911 / 13/ 14). A third problem
with many auto-zero amplifiers (particular-
ly those with limited supply voltage) is the
rather restricted common-mode input
range; for example, the popular ICL7650

has a guaranteed common-mode input
range of —5 to -x-1.5 volts, when running
from its usual f 5 volt supplies (for the
improved ICL7652 the range is —4.3V to 
-~3.SV; that's a wider range, but it doesn't
include the negative rail, so you can't use
it as a "single-supply" op-amp). The high-
voltage amplifiers are much better —for
example, the MAX432 has a guaranteed
common-mode range of —15 to + 12 volts,
when running from f I S volt supplies.
The op-amp table (Table 4.1) shows which
chopper amps have common-mode range
to the negative rail; although the popular
ICL7652 doesn't, improved versions from
LTC (LTC1052) and Maxim (ICL7652B)
do, permitting convenient single-supply
operation.
A fourth drawback is the tendency of

these CMOS op-amps to have poor out-
put sourcing capability, sometimes as
little as 1-2mA in the sourcing (positive-
output) direction. The otherwise admir-
able MAX432 can only source O.SmA!
Fifth on the list of drawbacks, but often
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first in importance, is the problem of clock-
induced noise. This is caused by charge
coupling from the MOS switches (see Sec-
tion 3.12) and can cause wicked spikes at

theoutput. The specifications are often
misleading here, because it is conventional

to quote input-referred noise with RS =
100 ohms and also to give the specification

only for very low frequencies; for exam-

ple, atypical input-referred noise voltage
is 0.2µV (dc to 1 Hz, with RS = 100St).
However, with zero input signal the out-
put waveform might consist of a train of

5µs-wide 15mV spikes of alternating po-
larity! In low-frequency applications you
can (and should) RC-filter the output to a
bandwidth of a few hundred hertz, which
will make these spikes disappear. This
spiky noise is also of no importance in inte-
grating applications (e.g., integrating A/D

converters, see Section 9.21) or in applica-
tions where the output is intrinsically slow

(e.g., a thermocouple circuit with a meter
at the output). In fact, if you only want
very slow output response, and therefore
low-pass-filter the output to extremely low
frequencies (below 1 Hz), a chopper am-
plifier will actually have less noise than a
conventional low-noise op-amp; see Fig-

ure 7.20.

A final problem with auto-zero ampli-
fiers is their disastrous saturation charac-
teristic. What happens is this: The auto-
zeroing circuit, in attempting to bring the
input difference voltage to zero, implicitly

assumes there is overall feedback operat-
ing. If the amplifier's output saturates (or
if there is no external circuit to provide
feedback), there will be a large differential
input voltage, which the nulling amplifier
sees as an input offset error; it therefore
blindly generates a large correction volt-
age that charges up the correction capac-
itors to a large voltage before the nulling

amplifier itself finally saturates. Recovery
is incredibly slow — up to a second ! The

"cure" is to sense when the output is ap-
proaching saturation, and clamp the input

to prevent it. Most auto-zeroing op-amps
provide a "clamp" output for this purpose,
which you tie back to the inverting input
to prevent saturation. You can prevent
saturation in chopper amplifiers without
a "clamp" pin (and in ordinary op-amps,
as well) by bridging the feedback network
with a bidirectional zener (two zeners in
series), which clamps the output at the
zener voltage, rather than letting it limit
at the supply rail; this works best in the
inverting configuration.

❑ Chopper miscellany

❑ ac-coupled "chopper amp. " When con-
sidering auto-zeroing chopper amplifiers,
be sure you don't confuse this technique
with another "chopper" technique, namely
the traditional low-bandwidth chopper am-
plifier in which a small do signal is con-
verted to ac ("chopped") at a known fre-
quency, amplified in ac-coupled amplifiers,
then finally demodulated by multiplying
with the same waveform used to chop the
signal initially (Fig. 7.21). This scheme
is quite different from the full-bandwidth
auto-zeroing technique we've been consid-
ering, in that it rolls off at signal frequen-
cies approaching the clock frequency,
typically just a few hundred hertz. You
sometimes see it used in chart recorders
and other low-frequency instrumentation.

❑ Thermal offsets. When you build do am-
plifiers with submicrovolt offset voltages,
you should be aware of thermal offsets,
which are little thermally driven batter-
ies produced by the junction of dissimi-
lar metals (see Section 15.01). You get
a Seebeck-effect "thermal emfl' when you
have a pair of such junctions at different
temperatures. In practice you usually have
joints between wires with different plating;
a thermal gradient, or even a little draft,
can easily produce thermal voltages of a
few microvolts. Even similar wires from
different manufacturers can produce ther-
mal emus of 0.2µV/°C, four times the drift
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ac amplifier

signal 
G= 60d6

input 1ieF 1µ~

dc-coupled + G

/ rp
~ —~—
j - /

osc ~
500 Hz --1------------------

1 µF

100k signal
output

+ do-1 Hz
G = 60dB

— 1001<

10052

Figure 7.21. An ac-coupled chopper amplifier.

spec of a MAX432! The best approach
is to strive for symmetrical wiring and
component layouts, and then avoid drafts
and gradients.

❑ External auto-zero. National makes

nice "auto-zero" chip (the LMC669) that
can be used as an outboard nulling ampli-
fier to make any op-amp of your choosing
into an auto-zeroing amplifier (Fig. 7.22).
It works most naturally with the inverting
configuration, as shown, generating an er-
ror voltage to the noninverting input to
maintain zero input offset. It doesn't do
as well as the dedicated auto-zero ampli-
fiers we've been considering: The Vas
specification is 5µV (typ), 25µV (max).
However, it does let you use the auto-zero
technique with any op-amp. You might,
for instance, use it to zero an imprecise
but high-power or high-speed op-amp.
The circuits shown are good examples.
The LM675 is a nice high-power op-
amp (3A output current, with sophisti-

cated on-chip safe-operating-area and
thermal protection), but with a maximum

offset voltage of IOmV. The auto-zero
reduces that by nearly a factor of 1000.
Likewise, the LM6364 is a fast op-amp

(fT = 175MHz, SR = 350V/µs) with max-

imum offset voltage of 9mV, here reduced
by a factor of 400. Note the RC filter

components at both input and output of
the auto-zero: These are necessary to sup-
press chopper noise in the (slow) correc-
tion loop, when this technique is used with
small signals and low-noise parts like the
LM6364 (8nV/ Hz).

❑ Instrumentation amplifier. Another

"chopper" technique in use is the so-called
"commutating auto-zeroing" (or CAZ)
amplifier, originated by Intersil. In this
technique, typified by the ICL7605 flying-
capacitor instrumentation amplifier,
MOSFET switches enable you to store the
differential input signal across a capaci-
tor, then amplify it with asingle-ended
chopper-stabilized amplifier (Fig. 7.23).
You get charge-coupled spikes at the clock
rate, just as with the standard auto-zeroing
amplifier, which puts the same sort of lim-
itations on the CAZ technique as we saw

earlier. Although we raved about CAZ am-
plifiers in our first edition ("...stands a
good chance of revolutionizing precision

op-amp and instrumentation amplifier
technology"), they've been finessed by
the better auto-zeroing technique in which

the signal always passes through a single

amplifier.
However, in fairness to the CAZ-amp,

we should point out that the flying-
capacitor technique used in the 7605 has
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I(

0.002µF

LMC669
chopper
auto-zero

A

200St

LM675 load
(Vos~lOmV, 14 5,t
~o~t = 3A)

0.22~~F
10k correction R

voltage \
1±12mV range)

~ p~ - keeps LM675
power op-amp
stable

10k 0.002µF

tOk 10k

O.1pF~
_ LMC669 0.1µF

B noise filters

2pF

~ I

2k

output
+ do-15MHz

LM6364
(Vos ~ 9mV,
fT= 175MHz1

1 552

Figure 7.22. External auto-zeroing IC
(LM669).

chopper even at unity gain, and the lowest offset~_~ ~ + op-amp 
voltage of any monolithic amplifier. If/~; ~ ~7 °"tP"t you use these amplifiers, however, don't
forget the required output noise filter,
the limited supply voltage (f8V max),

- and the requirement of ahigh-impedance
differential load, since the output impedance risesi nput 

periodically at the clock rate.
The LTC1043 flying-capacitor building

Figure 7.23. ICL7605 flying-capacitor block lets you make your own high-CMRRdifferential amplifier with high CMRR. differential amplifier. Instrumentation
amplifiers are discussed in detail in the

some unique advantages, including input next section. The precision op-amp table
common-mode operation 0.3 volt beyond (Table 7.2) includes most of the currently
both supply rails, 100dB CMRR (min), available auto-zeroing op-amps.
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DIFFERENTIAL AND INSTRUMENTATION

AMPLIFIERS

The term instrumentation amplifier is used

to denote ahigh-gain dc-coupled differ-

ential amplifier with single-ended output,

high input impedance, and high CMRR.

They are used to amplify small differential

signals coming from transducers in which

there may be a large common-mode signal

or level.

Figure 7.24. Strain gauge with amplifier

An example of such a transducer is a

strain gauge, a bridge arrangement of re-

sistors that converts strain (elongation) of

the material to which it is attached into

resistance changes (see Section 15.03); the
net result is a small change in dif~'eren-

tial output voltage when driven by a fixed

do bias voltage (Fig. 7.24). The resistors

all have roughly the same resistance, typi-

cally 350 ohms, but they are subjected to

differing strains. The full-scale sensitiv-

ity is typically 2mV per volt, so that the

full-scale output is 20mV for 10 volts do
excitation. This small differential output
voltage proportional to strain rides on a
5 volt do level. The differential amplifier

must have extremely good CMRR in order

to amplify the millivolt differential signals
while rejecting variations in the NS volt

common-mode signal. For example, sup-

pose that a maximum error of 0.1% is de-

sired. Since 0.1% of full scale is 0.02mV,

riding on SOOOmV, the CMRR would have
to exceed 250,000 to 1, i.e., about 108dB.

The tricks involved in making good in-
strumentation amplifiers and, more gen-
erally, high-gain differential amplifiers are
similar to the techniques just discussed.
Bias current, offsets, and CMRR errors are
all important. Let's begin by discussing
the design of differential amplifiers for
noncritical applications first, working up
to the most demanding instrumentation
requirements and their circuit solutions.

7.09 Differencing amplifier

Figure 7.25 shows a typical circuit situa-
tion requiring only modest common-mode
rejection. This is acurrent-sensing circuit
used as part of aconstant-current power
supply to generate a constant current in

the load. The drop across the precision
4-wire 0.01 ohm power resistor is propor-
tional to load current. Even though one
side of R5 is connected to ground, it would
be unwise to use asingle-ended amplifier,

since connection resistances of a milliohm
would contribute 10% error! A differential

amplifier is obviously required, but it need
not have particularly good CMRR, since
only very small common-mode signals are

expected.
The op-amp is connected in the stan-

dard differencing amplifier configuration,

as discussed in Section 4.09. Rl, R2i and
R5 are precision wire-wound types for ex-

treme stability of gain, whereas R3 and R4i
which set CMRR, can be mere 1 % metal-

film types. The overall circuit thus has

a gain accuracy approaching that of the

current-sensing resistor and a CMRR of

about 40dB.

Precision differential amplifier

For applications such as strain gauges, ther-

mocouples, and the like, 40dB of common-

mode rejection is totally inadequate, and
figures more like 100dB to 120dB are often

needed. In the preceding example of the

strain gauge, for instance, you might have

a full-scale differential (unbalance) signal

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



PRECISION CIRCUITS AND LOW-NOISE TECHNIQUES
422 Chapter 7

~o~c~oi

Figure 7.25. Current regulator.

RZ

250k 0.01%

R~

250SZ 0.01
~-~

R3

25052 0.01%
~+~

trim
~ offset

R4 —Vee
247k 0.01%
(250k1120M) 20M

R5 R6
3.74k 1% 12.7k t%

R~

5k trim
CMRR

Figure 7.26

of 2mV per volt. If you want accuracy of
0.05%, you need acommon-mode rejec-
tion of 114dB, minimum. (Note that this
requirement can be relaxed considerably in
the special case that the amplifier is zeroed
with the common-mode voltage present, as
might be done in a laboratory situation.)

The obvious first approach to improved
CMRR is to beef up the resistor precision
in the differencing circuit (Fig. 7.26). The
resistor values are chosen to keep the
large feedback resistors within the range of
available precision wire-wound resistors.
With 0.01% resistors, the common-mode
rejection is in the range of 80dB (68dB
worst case), assuming the op-amp has high
CMRR. It takes only one trimmer to null
the common-mode sensitivity, as shown.
With the values shown, you can trim out
an accumulated error up to 0.05%, i.e., a
bit more than the worst-case resistor error.
The fancy network shown is used because
small-value trimmer resistors tend to be
somewhat unstable with time and are best
avoided.
A point about ac common-mode rejec-

tion: With good op-amps and careful trim-
ming, you can achieve 100dB or better
CMRR at dc. However, the wire-wound
resistors you need for the best stability
have some inductance, causing degrada-
tion of CMRR with frequency. Noninduc-
tive wire-wound resistors (Aryton-Perry
type) are available to reduce this effect,
which is common to all the circuits we
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1 10V ac R~ 200k 0.01%

R5 R
10k 

10k
0.01 %

RS

R3 200k

0.01%

~/ R~ _ R3 _ 1

motor R5 R6 Zp

R6

10k
0.01

RZ 200k

U~

+ zero

R$ B

10k

R4 200k

U? G=R2 =1.0
R~

1 Figure 7.27. High-common-mode-
voltage differential amplifier made

= from low-voltage op-amps.

will be talking about. Note also that it

is necessary to balance the circuit capaci-

tances to achieve good CMRR at high fre-

quencies. This may require careful mirror-

image placement of components.
Burr-Brown offers a series of precision

differential amplifiers, complete with

matched resistors, in a nice mini-DIP (8-

pin) package. The INA105 is unity-gain

(f0.01% maximum gain error), with in-

put impedance of 25kSZ, and the INA106
has a gain of 10, with the same accuracy

and an input impedance of IOkSZ. The lat-

ter has a minimum CMRR of 94dB and
maximum VO3 of 100µV and is stable into
1000pF. Burr-Brown also offers a version

with high-input common-mode voltage

range (f200V), as described later.

❑ High-voltage differential amplifier

Figure 7.27 shows a clever method for in-

creasing the common-mode input voltage

range of the differencing amplifier circuit

beyond the supply voltages without a cor-

responding reduction in differential gain.

U2 looks at the common-mode input sig-

nal at Ul's input and removes it via R5

and Rs. Since there is no common-mode

signal left at either Ul or U2, the CMRR
of the op-amps is unimportant. The ulti-

mate CMRR of this circuit is thus set by
the matching of resistor ratios Rl/R5 =
R3/R6i with no great demands made on
the accuracy of RZ and R4. The circuit
shown has acommon-mode input range of
f200 volts, a CMRR of 80dB, and a dif-
ferential gain of 1.0.
Burr-Brown's unity-gain INA117 uses a

different trick to achieve large common-

mode voltage range, namely a 200:1 resis-

tive voltage divider to bring the f200 volt

signal within the op-amp's common-mode
range off 10 volt (Fig. 7.28). This scheme
is simpler than Figure 7.27, but suffers
from degraded offset and noise specs: VOe
is 1000µV (versus 250µV for the INA105),

and output noise voltage is 25µV pp (0.01—
1 OHz) versus 2.4µV for the INA 105.

❑ Raising input impedance

The differencing circuit with carefully

trimmed resistor values would seem to give

the performance you want, until you look

at the restrictions it puts on allowable

source resistances. To get a gain accuracy

of 0.1 %with the circuit of Figure 7.26, you
have to keep the source impedance below
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380k 3801<
- in

21.11k ~

out

+ in

380k

20k

Figure 7.28. INA117 differential amplifier with
f200 volts common-mode input range.

R~.

Rst

signal n~ 
diff
amp

Rs2

Figure 7.29

RZ R5
250k 100k

R~
25k R

s
2.028k

R3
25k G = 1000

Ra R~ 1
250k 100k —

Ra=Ri
A RQ=Rz G=RZ( 1 +2R5l +R5

R~ - R5 Ri \ Rs/ Ri

0.25 ohm! Furthermore, the source im-
pedance seen at the two terminals has to
be matched to ~.G~Q25 chm ir. order to at-
tain a CMRR of 100dB. This last result
follows from a look at the equivalent cir-
cuit (Fig. 7.29). The triangles represent
the whole differential amplifier circuit or,
in general, any differential or instrumenta-
tion amplifier, and Rsl and RS2 represent
the Thevenin source resistances in each
leg. For common-mode signals, the over-
all amplifier circuit includes the two source
impedances in series with the input resis-
tors Rl and R3i and so the CMRR now
depends on the matching of Rsl +Ri with
Rsz + R3. Obviously the demands this
circuit makes on the source impedances as
calculated earlier are unreasonable.
Some improvement can be had by in-

creasing the resistor values, using the trick
of a T network for the feedback resistors,
as in Figure 7.30. This is the differen-
tial amplifier version of the T network dis-
cussed in Sections 7.06 and 4.19. With the
values shown, you get a differential voltage
gain of 1000 (60dB). For a gain accuracy
of 0.1%, the source impedance must be
less than 25 ohms and must be matched
to 0.25 ohm for 100dB CMRR. This is
still an unacceptable demand on the source

R~ RZ RS

Figure 7.30. Differential amplifiers with T networks allow higher input impedances with smaller
feedback resistors.

G_=~~+=~+= _

R4 RZ II R 
R~ R6 R~

7 5 6
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in most applications. A strain gauge, for

instance, typically has a source impedance

of about 350 ohms.

The general solution to this problem in-

volves followers, or noninverting ampli-

fiers, to attain high input impedance. The

simplest method would be to add followers

to the conventional differential amplifier

(Fig. 7.31). With the enormous input im-

pedances you get, there is no longer any

problem with any reasonable source im-

pedance, at least at dc. At higher frequen-

cies it again becomes important to have

matched source impedances relative to the

common-mode signal, because the input

capacitance of the circuit forms a volt-

age divider in combination with the source

resistance. By "high frequencies" we of-

ten mean 60Hz, since common-mode ac

power-line pickup is a common nuisance;

at that frequency the effect of a few pi-

cofarads of input capacitance isn't se-

rious.

Figure 7.31. Differential amplifier with high
Zin•

7.10 Standard three-op-amp

instrumentation amplifier

One disadvantage of the previous follower

circuit (Fig. 7.31) is that it requires high

CMRR both in the followers and in the

final op-amp. Since the input buffers

operate at unity gain, all the common-

2R2
Gs,y = 1 + —

R~ Gs,9 = 1

GSM = 1 GSM = 0

~+~

— V EE

Figure 7.32. Classic instrumentation amplifier.

mode rejection must come in the output

amplifier, requiring precise resistor match-

ing, as we discussed. The circuit in Fig-

ure 7.32 is a significant improvement in

this respect. It constitutes the standard in-

strumentation amplifier configuration.

The input stage is a clever configuration

of two op-amps that provides high differ-

ential gain and unity common-mode gain
without any close resistor matching. Its
differential output represents a signal with

substantial reduction in the comparative

common-mode signal, and it is used to

drive a conventional difFerential amplifier

circuit. The latter is often arranged for

unity gain and is used to generate a single-

ended output and polish off any remaining

common-mode signal. As a result, the out-

put op-amp, U3, needn't have exceptional

CMRR itself, and resistor matching in U3's

circuit is not terribly critical. Offset trim-

ming for the whole circuit can be done at

one of the input op-amps, as shown. The

input op-amps must still have high CMRR,

and they should be chosen carefully.
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R, R~ _
U i ~~ ~—^✓vV—~ ",hero—

Rz ~tOk

R i ~T ~ V3

R~ ~lOk ~

guard

!~J

UQ

R3 Ra reference 1

G _ (1 ~+ zRzl Ra

Ri~ Ra

Figure 7.33. Instrumentation amplifier with guard, sense,
and reference terminals.

Complete instrumentation amplifier ICs
containing this standard configuration are
available from several manufacturers. All
components except Rl are internal, with
gain set by the single external resistor Rl.
Typical examples are the micropower
INA 102, high-speed INA 110, and the high-
accuracy AD624. All of these amplifiers
offer a gain range of 1 to 1000, CMRR
in the neighborhood of 100dB, and input
impedances greater than 100M. The mi-
cropower hybrid LH0036 can run from
supply voltages as low as f 1 volt. The
AD624 offers gain linearity of 0.001%, ini-
tial offset voltage of 25µV, and offset drift
of 0.25µV/°C, with provision for external
trimming of offset voltage. Some instru-
mentation amplifiers (e.g., the high-
accuracy INA104) have provision for
CMRR trimming. Don't confuse these
with the 725 "instrumentation operational
amplifier," which is nothing more than a
good op-amp intended as a building block
for instrumentation amplifiers. Figure 7.33

shows the complete instrumentation am-
plifier circuit that is usually used.
A few comments about these instrumen-

tation amplifier circuits (Fig. 7.33): (a) The
buffered common-mode signal at U4's out-
put can be used as a "guard" voltage to
reduce the effects of cable capacitance and
leakage. When used this way, the guard
output will be tied to the shield of the in-
put cables. If the gain-setting resistor (Rl)
is not immediately adjacent to the ampli-
fier (e.g., if it is a panel adjustment, a con-
figuration that should usually be avoided),
its connections should be shielded and
guarded also. (b) The SENSE and REF
terminals allow sensing of output voltage
at the load so that feedback can operate to
eliminate losses in the wiring or external
circuit. In addition, the REF terminal also
allows you to offset the output signal by a
do level (or by another signal); however,
the impedance from the ref terminal to
ground must be kept small, or the CMRR
will be degraded. (c) With any of these
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instrumentation amplifiers there must be ❑Bootstrapped power supply

a bias path for input current; for exam-

ple, you can't just connect a thermocouple

across the input. Figure 7.34 shows the

simple application of an IC instrumenta-

tion amplifier with guard, sense, and refer-

ence terminals.

A D 522

+ sense

input Rc output

— — load

data guard reference

/ 200k \ -
~ - 1~+

\ Rc /

Figure 7.34. IC instrumentation amplifier,

~+~

The CMRR of the input op-amps may

be the limiting factor in the ultimate

common-mode rejection of this circuit.

If CMRRs greater than about 120dB are

needed, the trick shown in Figure 7.35 can

be used. U4 buffers the common-mode

signal level, driving the common terminal

of a small floating split supply for Ul and

U2. This bootstrapping scheme effectively

eliminates the input common-mode signal

from Ul and U2, because they see no swing

(due to common-mode signals) at their

inputs relative to their power supplies.

U3 and U4 are powered by the system

power supply, as usual. This scheme

~tstrapped
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can do wonders for the CMRR, at least
at dc. At increasing frequencies you
have the usual prob~zms of ~,iese~iting
matched impedances to the input capaci-
tances.

Two-op-amp configuration

Figure 7.36 shows another configuration
that offers high input impedance with only
two op-amps. Since it doesn't accomplish
the common-mode rejection in two stages,
as in the three-op-amp circuit, it requires
precise resistor matching for good CMRR,
in a manner similar to that of the standard
differencing amplifier circuit.

~+~

G =

output

Figure 7.36. Instrumentation amplifier circuit
with two op-amps.

Special IC instrumentation amplifiers

There are several interesting instrumenta-
tion amplifier configurations available as
monolithic (and therefore inexpensive) ICs,
some with extremely good performance.
They use methods unrelated to the preced-
ing circuits.

❑ Current-feedback amplifier technique.
This technique, typified by the LM363,
AD521, and JFET AMP-O5, achieves high
CMRR without the need for matched
external resistors. In fact, the gain is
set by the ratio of a pair of external

resistors. Figure 7.37 shows a block
diagram of the AMP-01. The circuit
employs two dif~'erentiai transconductance
amplifier pairs, with a single external
resistor setting the gain in each case.
One pair is driven by the input signal,
and the other is driven by the output
signal, relative to the ref terminal. The
AMP-OS uses FETs to keep input currents
low, whereas the AMP-01 uses bipolar
technology to achieve low offset voltage
and drift (Table 7.5).
Computer-aided design methods can

be extremely useful in precision circuit
design; see Section 13.24.

AMPLIFIER NOISE

In almost every area of measurement the
ultimate limit of detectability of weak sig-
nals is set by noise —unwanted signals
that obscure the desired signal. Even if
the quantity being measured is not weak,
the presence of noise degrades the accu-
racy of the measurement. Some forms of
noise are unavoidable (e.g., real fluctua-
tions in the quantity being measured), and
they can be overcome only with the tech-
niques of signal averaging and bandwidth
narrowing, which we will discuss in Chap-
ter 15. Other forms of noise (e.g., radiofre-
quency interference and "ground loops")
can be reduced or eliminated by a variety
of tricks, including filtering and careful at-
tention to wiring configuration and parts
location. Finally, there is noise that arises
in the amplification process itself, and it
can be reduced through the techniques of
low-noise amplifier design. Although the
techniques of signal averaging can often
be used to rescue a signal buried in noise,
it always pays to begin with a system that
is free of preventable interference and
that possesses the lowest amplifier noise
practicable.
We will begin by talking about the

origins and characteristics of the dif~'erent

~ i =
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u

Figure 7.37. Block diagram of the AMP-01 instrumentation amplifier IC.

kinds of noise that afflict electronic cir-
cuits. Then we will launch into a dis-
cussion of transistor and FET noise,
including methods for low-noise design
with a given signal source, and will present
some design examples. After a short dis-
cussion of noise in differential and feed-
back amplifiers, we will conclude with a
section on proper grounding and shield-
ing and the elimination of interference and
pickup. See also Section 13.24 (Analog
modeling tools).

7.11 Origins and kinds of noise

Since the term noise can be applied to
anything that obscures a desired signal,
noise can itself be another signal ("inter-
ference"); most often, however, we use

the term to describe "random" noise of
a physical (often thermal) origin. Noise
can be characterized by its frequency spec-
trum, its amplitude distribution, and the
physical mechanism responsible for its gen-
eration. Let's next look at the chief offend-
ers.

Johnson noise

Any old resistor just sitting on the table
generates a noise voltage across its termi-
nals known as Johnson noise. It has a flat
frequency spectrum, meaning that there
is the same noise power in each hertz of
frequency (up to some limit, of course).
Noise with a flat spectrum is also called
"white noise." The actual open-circuit
noise voltage generated by a resistance R
at temperature T is given by
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Vnoise~rmS) = VnR = ~4~CTRB~

where k is Boltzmann's constant, T is

the absolute temperature in degrees Kelvin

(°K = °C ~- 273.16), and B is the

bandwidth in hertz. Thus, Vnoise~rms) is

what you would measure at the output

if you drove a perfect noiseless bandpass

filter (of bandwidth B) with the voltage

generated by a resistor at temperature T.

At room temperature (68°F = 20°C =

293°K),

4kT = 1.62 x 10-20VZ/Hz — SZ

(4kTR)2 = 1.27 x 10-10RZ V/Hz2

= 1.27 x 10-4R 2 µV/Hz 2

For example, a lOk resistor at room tem-

perature has an open-circuit rms voltage

of 1.3µV, measured with a bandwidth of

lOkHz (e.g., by placing it across the input

of ahigh-fidelity amplifier and measuring

the output with a voltmeter). The source

resistance of this noise voltage is

just R. Figure 7.38 plots the simple

relationship between Johnson-noise volt-

age density (rms voltage per square root

bandwidth) and source resistance.

1 k

0
y _ iao
~ ~N~ _
~ ~~:
> 10.~

~,

100 tk tOk 100k 1M

resistance (Sl)

Figure 7.38. Thermal noise voltage versus

resistance.

The amplitude of the Johnson-noise

voltage at any instant is, in general,

unpredictable, but it obeys a Gaus-

sian amplitude distribution (Fig. 7.39),

AMPLIFIER NOISE

7.11 Origins and kinds of noise

( vz
t ` 2v Z)

p(V, V +dV) _ ~n ~~ e ̀ ~ dV where V„ is rms noise

0.4
Vn ------

area =probability of an
instantaneous voltage
between V and V + D V

v v+ov

Figure 7.39

where p(V)dV is the probability that the

instantaneous voltage lies between V and

V + dV, and Vn is the rms noise voltage,

given earlier.
The significance of Johnson noise is that

it sets a lower limit on the noise voltage

in any detector, signal source, or amplifier

having resistance. The resistive part of

a source impedance generates Johnson

noise, as do the bias and load resistors of

an amplifier. You will see how it all works

out shortly.
It is interesting to note that the physical

analog of resistance (any mechanism of

energy loss in a physical system, e.g.,

viscous friction acting on small particles in

a liquid) has associated with it fluctuations

in the associated physical quantity (in this

case, the particles' velocity, manifest as the

chaotic Brownian motion). Johnson noise
is just a special case of this fluctuation-

dissipation phenomenon.
Johnson noise should not be confused

with the additional noise voltage created

by the effect of resistance fluctuations when

an externally applied current flows through

a resistor. This "excess noise" has a 1/f

spectrum (approximately) and is heavily

dependent on the actual construction of

the resistor. We will talk about it later.

Shot noise

An electric current is the flow of discrete

electric charges, not a smooth fluidlike

431
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flow The finiteness of the charge quan-
tum results in statistical fluctuations of the
current. Tf the charges act indPper.~?ent of
each other, the fluctuating current is given
by

across the load resistor is greater than 2kT/q
(50mV, at room temperature).

1/f noise (flicker noise)

Inoise(rms) = InR = ~29IdcB~ 2

where q is the electron charge (1.60 x
10-19 coulomb) and B is the measurement
bandwidth. For example, a "steady" cur-
rent of 1 amp actually has an rms fluc-
tuation of 57nA, measured in a lOkHz
bandwidth; i.e., it fluctuates by about
0.000006%. The relative fluctuations are
larger for smaller currents: A "steady" cur-
rent of 1µA actually has an rms current
noise fluctuation, measured over a lOkHz
bandwidth, of 0.006%, i.e., —85dB. At 1 pA
dc, the rms current fluctuation (same band-
width) is 56fA, i.e., a 5.6% variation! Shot
noise is "rain on a tin roof." This noise,
like resistor Johnson noise, is Gaussian
and white.
The shot-noise formula given earlier

assumes that the charge carriers making
up the current act independently. That
is indeed the case for charges crossing a
barrier, as for example the current in a
junction diode, where the charges move
by diffusion; but it is not true for the
important case of metallic conductors,
where there are long-range correlations
between charge carriers. Thus, the current
in a simple resistive circuit has far less
noise than is predicted by the shot-noise
formula. Another important exception to
the shot-noise formula is provided by our
standard transistor current-source circuit
(Fig. 2.21), in which negative feedback acts
to quiet the shot noise.

EXERCISE 7.4
A resistor is used as the collector load in a
low-noise amplifier; the collector current Ic
is accompanied by shot noise. Show that
the output noise voltage is dominated by shot
noise (rather than Johnson noise in the re-
sistor) as long as the quiescent voltage drop

Shot noise and Johnson noise are irredu-
cible forms of noise generated according
to physical principles. The most expensive
and most carefully made resistor has ex-
actly the same Johnson noise as the cheap-
est carbon resistor (of the same resistance).
Real devices have, in addition, various
sources of "excess noise." Real resistors
suffer from fluctuations in resistance, gen-
erating an additional noise voltage (which
adds to the ever-present Johnson noise)
proportional to the do current flowing
through them. This noise depends on many
factors having to do with the construction
of the particular resistor, including the re-
sistive material and especially the end-cap
connections. Here is a listing of typical ex-
cess noise for various resistor types, given
as rms microvolts per volt applied across
the resistor, measured over one decade of
frequency:

Carbon-composition 0.10µV to 3.0µV
Carbon-film 0.05µV to 0.3µV
Metal-film 0.02µV to 0.2µV
Wire-wound 0.01µV to 0.2µV

This noise has approximately a 1 / f spec-
trum (equal power per decade of frequency)
and is sometimes called "pink noise."
Other noise-generating mechanisms often
produce 1/f noise, examples being base
current noise in transistors and cathode
current noise in vacuum tubes. Curiously
enough, 1/f noise is present in nature in
unexpected places, e.g., the speed of ocean
currents, the flow of sand in an hourglass,
the flow of traffic on Japanese expressways,
and the yearly flow of the Nile measured
over the last 2000 years. If you plot the
loudness of a piece of classical music ver-
sus time, you get a 1/f spectrum! No uni-
fying principle has been found for all the
1/f noise that seems to be swirling around
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us, although particular sources can often

be identified in each instance.

Interference

As we mentioned earlier, an interfering

signal or stray pickup constitutes a form

of noise. Here the spectrum and ampli-

tude characteristics depend on the interfer-

ing signal. For example, 60Hz pickup has

a sharp spectrum and relatively constant

amplitude, whereas car ignition noise,

lightning, and other impulsive interfer-

ences are broad in spectrum and spiky in

amplitude. Other sources of interference

are radio and television stations (a partic-

ularly serious problem near large cities),

nearby electrical equipment, motors and

elevators, subways, switching regulators,

and television sets. In a slightly different

guise you have the same sort of problem

generated by anything that puts a signal

into the parameter you are measuring. For

example, an optical interferometer is sus-

ceptible to vibration, and a sensitive radio-

frequency measurement (e.g., NMR) can

be affected by ambient radiofrequency sig-

nals. Many circuits, as well as detectors

and even cables, are sensitive to vibration

and sound; they are microphonic, in the

terminology of the trade.
Many of these noise sources can be con-

trolled by careful shielding and filtering, as

we will discuss later in the chapter. At

other times you are forced to take dra-

conian measures, involving massive stone

tables (for vibration isolation), constant-

temperature rooms, anechoic chambers,

and electrically shielded rooms.

7.12 Signal-to-noise ratio and
noise figure

Before getting into the details of amplifier

noise and low-noise design, we need to

define a few terms that are often used

to describe amplifier performance. These

involve ratios of noise voltages, measured

AMPLIFIER NOISE

7.12 Signal-to-noise ratio and noise figure

at the same place in the circuit. It is
conventional to refer noise voltages to
the input of an amplifier (although the
measurements are usually made at the
output), i.e., to describe source noise and
amplifier noise in terms of microvolts at
the input that would generate the observed
output noise. This makes sense when
you want to think of the relative noise
added by the amplifier to a given signal,
independent of amplifier gain; it's also
realistic, because most of the amplifier
noise is usually contributed by the input
stage. Unless we state otherwise, noise
voltages are referred to the input.

Noise power density and bandwidth

In the preceding examples of Johnson
noise and shot noise, the noise voltage
you measure depends both on the measure-
ment bandwidth B (i.e., how much noise

you see depends on how fast you look) and

on the variables (R and I) of the noise
source itself. So it's convenient to talk

about an rms noise-voltage "density" vn:

Un(rms) = vnB 2 = (4kTR) 2 B 2

where [/n is the rms noise voltage you
would measure in a bandwidth B. White-

noise sources have a vn that doesn't de-

pend on frequency, whereas pink noise,

for instance, has a vim, that drops off at

3dB/octave. You'll often see vn, too, the

mean squared noise density. Since v,~ al-

ways refers to rms, and vn always refers to

mean square, you can just square vim, to get

vim! Sounds simple (and it is), but we want

to make sure you don't get confused.
Note that B and the square root of B

keep popping up. Thus, for example, for

Johnson noise from a resistor R

vnR(rms) _ (4kTR) 2 V/Hz2

vnR = 4kTR VZ/Hz

Un(rms) = vnRB 2 = (4kTRB) 2 V

Vn = vnRB = 4kTRB VZ

433
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On data sheets you may see graphs of
vn or vn, with units like "nanovolts per
root Hz" or "volts squared ner Hz," ThP
quantities ems, and i~ that will soon appear
work just the same way.
When you add two signals that are

uncorrelated (two noise signals, or noise
plus a real signal), the squared amplitudes
add:

v = (vs ~-vn)2

where v is the rms signal obtained by
adding together a signal of rms amplitude
v8 and a noise signal of rms amplitude vn.
The rms amplitudes don't add.

Signal-to-noise ratio

Signal-to-noise ratio (SNR) is simply de-
fined as

2

SNR = 101og10 VZ dB
n

where the voltages are rms values, and
some bandwidth and center frequency are
specified; i.e., it is the ratio, in decibels,
of the rms voltage of the desired signal
to the rms voltage of the noise that is
also present. The "signal" itself may be
sinusoidal or a modulated information-
carrying waveform or even a noiselike
signal itself. It is particularly important
to specify the bandwidth if the signal has
some sort of narrowband spectrum, since
the SNR will drop as the bandwidth is
increased beyond that of the signal: The
amplifier keeps adding noise power, while
the signal power remains constant.

Noise figure

Any real signal source or measuring device
generates noise because of Johnson noise
in its source resistance (the real part of
its complex source impedance). There
may be additional noise, of course, from
other causes. The noise figure (NF) of an
amplifier is simply the ratio, in decibels,

of the output of the real amplifier to the
output of a "perfect" (noiseless) amplifier
of the same gain, with a resistor ~f value
R8 connected across the amplifier's input
terminals in each case. That is, the
Johnson noise of R8 is the "input signal."C4kTR8 + vnlNF = lO loglo 4kTR3

z
= 101og10 1 + 

4kTR8 
dB

where v~ is the mean squared noise voltage
per hertz contributed by the amplifier, with
a noiseless (cold) resistor of value R8 con-
nected across its input. This latter restric-
tion is important, as you will see shortly,
because the noise voltage contributed by
an amplifier depends very much on the
source impedance (Fig. 7.40).

~ k

NF = 14d6
NF = 10d8
NF = 6d8
NF = 3d6

100 NF = 2dB
-N NF = 1d8

s

°~ ~ o

NF = 0.5d8
NF = 0.2dB
NF = O.1d8

0.1k 1k 10k 100k 1M

RS (St)

Figure 7.40. Effective noise voltage versus
noise figure and source resistance. (National
Semiconductor Corp.)

Noise figure is handy as a figure of merit
for an amplifier when you have a signal
source of a given source impedance and
want to compare amplifiers (or transistors,
for which NF is often specified). NF va-
ries with frequency and source impedance,
and it is often given as a set of contours of
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constant NF versus frequency and Rs. It

may also be given as a set of graphs of NF

versus frequency, one curve for each col-

lector current, or a similar set of graphs of

NF versus R9, one for each collector cur-

rent. Note: The foregoing expressions for

NF assume that the amplifier's input im-

pedance is much larger than the source im-

pedance, i.e., Z;n ~> Rs. However, in the

special case of radiofrequency amplifiers,

you usually have Rs = Z;,, =50 ohms,

with NF defined accordingly. For this spe-

cial case of matched impedances, simply

remove the factors "4" from the foregoing

equations.
Big fallacy: Don't try to improve things

by adding a resistor in series with a signal

source to reach a region of minimum NF.

All you're doing is making the source

noisier to make the amplifier look better!

Noise figure can be very deceptive for

this reason. To add to the deception,

the NF specification (e.g., NF = 2dB)

for a transistor or FET will always be

for the optimum combination of R9 and

lC. It doesn't tell you much about actual

performance, except that the manufacturer

thinks the noise figure is worth bragging

about.
In general, when evaluating the perfor-

mance of some amplifier, you're probably

least likely to get confused if you stick with

SNR calculated for that source voltage and

impedance. Here's how to convert from

NF to SNR:

v2
SNR =101og10 

4kTR3

— NF(dB) (at R3) dB

where va is the rms signal amplitude, Rs

is the source impedance, and NF is the

noise figure of the amplifier for source

impedance R9.

❑ Noise temperature

Rather than noise figure, you sometimes

see noise temperature used to express

AMPLII'IER NOI5E

7.12 Signal-to-noise ratio and noise figure

the noise performance of an amplifier.

Both methods give the same information,

namely the excess noise contribution of the

amplifier when driven by a signal source of

impedance Rs; they are equivalent ways of

expressing the same thing.

real (noisy)
amplifier

R.s
~ r=c

~o~ti

a

noiseless

R
(T=T„

chosen to give
same v„ (out)
as in A

~o~t~

Figure 7.41

Look at Figure 7.41 to see how noise

temperature works: We first imagine the

actual (noisy) amplifier connected to

a noiseless source of impedance Re

(Fig. 7.41A). If you have trouble imagin-

ing anoiseless source, think of a resistor

of value R8 cooled to absolute zero. There

will be some noise at the output, even

though the source is noiseless, because the

amplifier has noise. Now imagine con-

structing Figure 7.41 B, where we magically

make the amplifier noiseless, and bring the

source Rs up to some temperature Tn such

that the output noise voltage is the same

as in Figure 7.41A. Tn is called the noise
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temperature of the amplifier, for source
impedance Rs.
As we remarked earlier, noise figure

and noise temperature are simply different
ways of conveying the same information.
In fact, you can show that they are related
by the following expressions:

Tom, = T (10rrF~as)/io _ 11J

NF(dB) = lO loglp 1 Z;` + 1~

where T is the ambient temperature, usu-
ally taken as 290°K.
Generally speaking, good low-noise am-

plifiers have noise temperatures far below
room temperature (or, equivalently, they
have noise figures far less than 3dB). Later
in the chapter we will explain how you go
about measuring the noise figure (or tem-
perature) of an amplifier. First, however,
we need to understand noise in transis-
tors and the techniques of low-noise de-
sign. We hope the discussion that follows
will clarify what is often a murky sub-
ject!
After reading the next two sections, we

trust you won't ever be confused about
noise figure again!

7.13 Transistor amplifier voltage
and current noise

The noise generated by an amplifier is
easily described by a simple noise model
that is accurate enough for most purposes.
In Figure 7.42, en represents a noise
voltage source in series with the input,
and in represents an input noise current.
The transistor (or amplifier, in general) is
assumed noiseless, and it simply amplifies
the input noise voltage it sees. That is, the
amplifier contributes a total noise voltage
ea, referred to the input, of

e~(rms) _ [ems + (RBin)Z] 2 V/Hz2

The two terms are simply the amplifier
input noise voltage and the noise voltage

generated by the amplifier's input noise
current passing through the source resis-
tance. Since the two noise terms are »st~-
ally uncorrelated, their squared amplitudes
add to produce the effective noise voltage
seen by the amplifier. For low source re-
sistances the noise voltage en dominates,
whereas for high source impedances the
noise current in generally dominates.

Figure 7.42. Noise modcl of a transistor.

Just to give an idea of what these look
like, Figure 7.43 shows a graph of ems, and
i,~ versus IC and f , fora 2N5087. We'll
go into some detail now, describing these
and showing how to design for minimum
noise. It is worth noting that voltage noise
and current noise for a transistor are in the
range of nanovolts and picoamps per root
hertz (Hz2 ).

Voltage noise, en

The equivalent voltage noise looking in
series with the base of a transistor arises
from Johnson noise in the base spreading
resistance, rbb, and collector current shot
noise generating a noise voltage across the
intrinsic emitter resistance re. These two
terms look like this:

en = 4kTrbb + 2glcre

z
= 4kTrbb + 2~q c~ VZ/Hz
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Figure 7.43. Equivalent rms input noise voltage (en) and noise current (in) versus collector current

fora 2N5087 npn transistor. (Courtesy of Fairchild Camera and Instrument Corp.)

Both of these are Gaussian white noise.

In addition, there is some flicker noise

generated by base current flowing through

rbb. This last term is significant only at

high base current, i.e., at high collector

current. The result is that en is constant

over a wide range of collector currents,

rising at low currents (shot noise through

an increasing re) and at sufficiently high

currents (flicker noise from IB through

rbb). This latter rise is present only

at low frequencies, because of its 1/f

character. As an example, at frequencies

above lOkHz the 2N5087 has an en of

SnV/Hz2 at IC =10µA and 2nV/Hz2 at

IC = 100µA. Figure 7.44 shows graphs

of en versus frequency and current for the

low-noise LM394 npn differential pair, and

the low-noise 2SD786 from Toyo-Rohm.

The latter uses special geometry to achieve

an unusually low rbb of 4 ohms, which is

needed to realize the lowest values of en.

100 f= t00kHz

f = 10Hz
~N

> >~ f = 10kHz
c

~,
i

10Hz

i
~) LM394

1 kHz J pan = 3052

2SD786

~ ~66=4~

~ io ioo i000
/~ IPAI

Figure 7.44. Input noise voltage (en) versus
collector current for two low-noise bipolar
transistors.

Current noise, in

Noise current is important, because it gen-

erates an additional noise voltage across

the input signal source impedance. The

main source of current noise is shot-noise

fluctuation in the steady base current,

added to the fluctuations caused by flicker
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10 ~pHZ 100Hz

/~
i ~

100kHz

z 100kHz 
1000Hz

10kHz

Q 0.1

a tOkHz

i000HZ
o.o~

0.001 -- ~ 1
i io ioo i000

/~ 1µA1

io

/~ = 1 mA

i
/~ = 100µA

N

a
a

/~ = 1µA
o.o~

1Hz IOHz 100Hz 1kHz 10kHz 100kHz

frequency

Figure 7.45. Input noise current for the LM394
bipolar transistor.
A. Noise current (in) versus collector current.
B. Noise current (ice,) versus frequency.

noise in rbb. The shot-noise contribu-
tion is a noise current that increases pro-
portional to the square root of IB (or IC)
and is flat with frequency, whereas the
flicker-noise component rises more rap-
idly with IC and shows the usual 1 / f fre-
quency dependence. Taking the example
of the 2N5087 again, above lOkHz in
is about O.1pA/Hz1~2 at IC = 10µA and
0.4pA/Hz1~2 at IC = 100µA. The noise
current increases, and the noise voltage
drops, as IC is increased. In the next sec-
tion you will see how this dictates
operating current in low-noise design.

Figure 7.45 shows graphs of i,~ versus
frequency and current, again for the lovV-
:.oisc L*~1394.

❑ 7.14 Low-noise design with transistors

The fact that en drops and in rises with
increasing IC provides a simple way to
optimize transistor operating current to
give lowest noise with a given source.
Look at the model again (Fig. 7.46). The
noiseless signal source v8 has added to it an
irreducible noise voltage from the Johnson
noise of its source resistance.

eR(source) = 4kTR8 VZ/Hz

The amplifier adds noise of its own, namely,

em(amplifier) = en~~- (inR$)z Vz/Hz

Thus the amplifier's noise voltage is added
to the input signal, and in addition, its
noise current generates a noise voltage
across the source impedance. These two
are uncorrelated (except at very high fre-
quencies), so you add their squares. The
idea is to reduce the amplifier's total noise
contribution as much as possible. That's
easy, once you know Rs, because you just
look at a graph of en and in versus IC,
in the region of the signal frequency, pick-
ing IC to minimize e~ -I- (i~,Re)2. Alter-
natively, if you are lucky and have a plot
of noise-figure contours versus IC and R9f
you can quickly locate the optimum value
of IC.

RS
e„

V'~ ~^

Figure 7.46. Amplifier noise model.

❑ Noise figure example

As an example, suppose we have a small
signal in the region of 1kHz with source
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Figure 7.47. Contours of constant narrowband

noise figure for the 2N5087 transistor. (Cour-

tesy of Fairchild Camera and Instrument Corp.)

resistance of lOk, and we wish to make

an amplifier with a 2N5087. From the

en,-2n, graph (Fig. 7.47) we see that the

sum of voltage and current terms (with l Ok

source) is minimized for a collector cur-

rent of about 10-20µA. Since the current

noise is dropping faster than the voltage

noise is rising as Ic is reduced, it might

be a good idea to use slightly less collector

current, especially if operation at a lower

frequency is anticipated (ice, rises rapidly

with decreasing frequency). We can esti-

mate the noise figure using i,~ and e,~ at

1 kHz:

NF = 101oglp 1 + en ~~TRss)ZJ dB
For Ic = 10µA, en = 

3.8nV/Hz1~2,

in = 0.29pA/Hz1~2, and 4kTR3 = 1.65 x

10-16V2/Hz for the lOk source resistance.

The calculated noise figure is therefore

0.6dB. This is consistent with the graph

(Fig. 7.48) showing NF versus frequency,

in which they have chosen Ic = 20µA

for Rs = lOk. This choice of collector

current is also roughly what you would

get from the graph in Figure 7.47 of

noise-figure contours at 1kHz, although the

AMPLIFIER NOISE

7.14 Low-noise design with transistors

actual noise figure can be estimated only

approximately from that plot as being less

than 2dB.

VIE _ -5.OV
1

8. ~ ~\

m 6.0 F l~ = 500µA, RS = 1.Ok

LL ~ /~ = 250µA, RS = 5k
z 4.0

/~ = 20µA, RS = 10k

2.0

0 L- L ~ ~~=t—_ i

10 100 7.Ok 10k 100k 1.OM 10~~

frequency (Hz)

Figure 7.48. Noise figure (NF) versus frequency,

for three choices of Ic and Rs> for the 2N5087.

(Courtesy of Fairchild Camera and Instrument

Corp.)

EXERCISE 7.5
Find the optimum Ic and corresponding noise

figure for Rs = 100k and f = 1 kHz, using

the graph in Figure 7.43 of en and in. Check

your answer from the noise-figure contours

(Fig. 7.47).

For the other amplifier configurations

(follower, grounded base) the noise figure

is essentially the same, for given R3 and

Ic, since en and in are unchanged. Of

course, a stage with unity voltage gain (a

follower) may just pass the problem along

to the next stage, since the signal level

hasn't been increased to the point that low-

noise design can be ignored in subsequent

stages.

❑ Charting amplifier noise with en and in

The noise calculations just presented, al-

though straightforward, make the whole

subject of amplifier design appear some-

what formidable. If you misplace a factor

of Boltzmann's constant, you suddenly get

an amplifier with 10,000dB noise figure!

In this section we will present a simplified

noise-estimation technique of great utility.

The method consists of first choosing

some frequency of interest in order to get
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i0000
noise for LM394 input
stage at 1kHz, /~ = 50µA

1000 e„ = 2.5nV/Hz~ ~o~ti°~<
i„ = 0.16pA/Hz~ g ~o~se

~ ~o~<
.N 100 R„ = e„ li„ = 15 k ~o`Se ~o~

= total input noise 02dg

5 amplifier noise
~ 10

e~R = (4kTR~~ ~

1 e~es~5oa5ee ~ ~ ~ 3d6
So~~~so~~ i„=0.16pA/Hz~
1°~~ 45° slope i Rn 15k (best NF = 0.2dB)

0.1 /'
10 100 1000 10k 100k 1M 10M 100M

Rs —i

Figure 7.49. Total amplifier input voltage noise (eQ) plotted from the en and i~ parameters.

values for e~ and in versus IC from the
transistor data sheets. Then, for a given
collector current, you can plot the total
noise contributions from en and in as a
graph of ed versus source resistance R3.
Figure 7.49 shows what that looks like at
1 kHz for a differential input stage using
an LM394 matched superbeta transistor
running 50µA of collector current. The
en noise voltage is constant, and the i~,Re
voltage increases proportional to R8i i.e.,
with a 45° slope. The amplifier noise
curve is drawn as shown, with care being
taken to ensure that it passes through a
point 3dB (voltage ratio of 1.4) above the
crossing point of individual voltage and
current noise contributions. Also plotted
is the noise voltage of the source resistance,
which also happens to be the 3dB NF
contour. The other lines of constant noise
figure are simply straight lines parallel to
this line, as you will see in the examples
that follow
The best noise figure (0.2dB) at this

collector current and frequency occurs for
a source resistance of 15k, and the noise
figure is easily seen to be less than 3dB for
all source resistances between 300 ohms

and SOOk, the points at which the 3dB
NF contour intersects the amplifier noise
curve.
The next step is to draw a few of these

noise curves on the same graph, using
different collector currents or frequencies,
or maybe a selection of transistor types,
in order to evaluate amplifier performance.
Before we go on to do that, let's show how
we can talk about this same amplifier using
a different pair of noise parameters, the
noise resistance Rn and the noise figure
NF(RN), both of which pop right out of
the graph.

❑ Noise resistance

The lowest noise figure in this example
occurs for a source resistance Re = 15k,
which equals the ratio of en to i,~. That
defines the noise resistance

ems,
R,,, _ —

Zn

You can find the noise figure for a source of
that resistance from our earlier expression
for noise figure. It is
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10,000 r- monolithic matched npn bipolar transistor pair

LM394 at 1000Hz

for IC from 1µA to 10mA

1000 LM394

ti 100 -

x

~ /~ = 1µA

~~ ~~µA 2N6483

1 mA
1 100uA /

~c - ~

!~ = 100µA

/~=10µ~
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3dB (4kTR1''
1d6
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Figure 7.50. Total amplifier input voltage noise (ea) for the LM394 bipolar transistor under various

conditions, compared with the 2N6483 JFET.

NF (at Rte,) _
z

10 loglo ~1 + 1.23 x 1020 R dB
n

0.2 dB

Noise resistance isn't actually a real re-

sistance in the transistor, or anything like

that. It is a tool to help you quickly find

the value of source resistance for minimum

noise figure, ideally so that you can vary

the collector current to shift R~ close to

the value of source resistance you're actu-

ally using. Rn corresponds to the point

where the en and ice, lines cross.

The noise figure for a source resistance

equal to R,~ then follows simply from the

preceding equation.

❑ Charting the bipolar/FET shootout

Let's have some fun with this technique.

A perennial bone of contention among en-

gineers is whether FETs or bipolar tran-

sistors are "better." We will dispose of

this issue with characteristic humility by

matching two of the best contenders and

letting them deliver their best punches. In

the interest of fairness, we'll let National

Semiconductor intramural teams compete,

choosing two game fighters.
In the bipolar corner we have the

magnificent LM394 superbeta monolithic

matched pair, already warmed up, as

described earlier. We'll run it at 1 kHz,

with collector currents from 1µA to 1 mA

(Fig. 7.50).
The FET entry is the 2N6483 mono-

lithic n-channel JFET matched pair, known

far and wide for its stunning low-noise per-

formance, reputed to exceed that of bipo-

lar transistors. According to its data sheet,

it was trained only for 100µA and 400µA

drain currents (Fig. 7.51).
And the winner? Well, it's a split

decision. The FET won points on lowest

minimum noise figure, NF(Rn), reaching

a phenomenal O.OSdB noise figure, and

dipping well below 0.2dB from 100k to

100M source impedance. For high source
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10,000 
monolithic matched n-channel JFET transistor pair
2N6483 at t000Hz
for !o from 100µA to 400µA
Von from 2V to 25V

1000

x

c

~~ /o = 100NA

/o = 400NA

100f ~N6483

LM394 /~ = 100µA

~ ~G

(4kTR)

VOG = ZV

Von = 15V

1 M 10M 100M

1d8

0.1

10 100 1000 tOk t00k

RS

Figure 7.51. Total amplifier input voltage noise (eQ) for the 2N6483 JFET compared with the
LM394 bipolar transistor.

impedances, FETs remain unbeaten. The
bipolar transistor is best at low source
impedances, particularly below Sk, and it
can reach a 0.3dB noise figure at R9 = lk,
with suitable choice of collector current.
By comparison, the FET cannot do better
than 2dB with a 1 k source resistance,
owing to larger voltage noise en.

Just as in boxing, where the best fight-
ers haven't yet had a chance to compete
in a world championship, there are some
younger contenders for the best low-noise
transistor. For example, the 2SJ72 and
2SK147 complementary JFETs from
Toshiba use ameshed-gate geometry to
achieve a phenomenal en of 0.7nV/ Hz at
ID = IOmA (equivalent to Johnson noise
from a 30SZ resistor!). But these are JFETs,
with their low input current (hence low in),
and thus the noise resistance is about lOk.
When used as an amplifier with a source
impedance equal to their noise resistance
(i.e., R3 = lOk), their performance is
unbeatable —the noise temperature is just
2°K!

Before you go out and buy a bushel of
these remarkable JFETs, consider the re-
marks of the critics, who claim they are
muscle-bound —they have high input and
feedback capacitance (85pF and 15pF, re-
spectively), which limits their usefulness
at high frequencies. Their relative, the
2SK117, is better in this regard, at the
expense of higher en. These same critics
argue that the Toyo-Rohm bipolar com-
plementary pair, the 2SD786 and 2SB737,
with ems, as low as O.SSnV/ Hz, can of-
fer even better performance at moderate
source impedances and frequencies.

❑ Low source impedances

Bipolar transistor amplifiers can provide
very good noise performance over the
range of source impedances from about
200 ohms to 1 M; corresponding optimum
collector currents are generally in the range
of several milliamps down to a microamp.
That is, collector currents used for the in-
put stage of low-noise amplifiers generally
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tend to be lower than in amplifier stages

not optimized for low-noise performance.

For very low source impedances (say

SOS2), transistor voltage noise will always

dominate, and noise figures will be poor.

The best approach in such cases is to use

a transformer to raise the signal level (and
impedance), treating the signal on the sec-

ondary as before. High-quality signal

transformers are available from companies

such as James and Princeton Applied Re-
search. As an example, the latter's model

116 FET preamp has voltage and current
noise such that the lowest noise figure oc-

curs for signals of source impedance

around 1 M. A signal around 1 kHz with

source impedance of 100 ohms would be a

poor match for this amplifier, since the am-

plifier's voltage noise is much larger than

the signal source's Johnson noise; the re-

sultant noise figure for that signal con-

nected directly to the amplifier would be
1 1 dB. By using the optional internal step-

up transformer, the signal level is raised

(along with its source impedance), thus

overriding amplifier noise voltage and giv-

ing anoise figure of about 1.OdB.

At radiofrequencies (e.g., beginning

around 100kHz) it is extremely easy to
make good transformers, both for tuned

(narrowband) and broadband signals. At

these frequencies it is possible to make

broadband "transmission-line transform-

ers" of very good performance. We will

treat some of these methods in Chapter 13.

It is at the very low frequencies (audio and

below) that transformers become problem-

atic.
Three comments: (a) The voltage rises

proportional to the turns ratio of the trans-

former, whereas the impedance rises pro-
portional to the square of the ratio. Thus

a 2:1 voltage step-up transformer has an

output impedance four times the input im-

pedance (this is mandated by conservation

of energy). (b) Transformers aren't perfect.

They have trouble at low frequencies (mag-

netic saturation) and at high frequencies

(winding inductance and capacitance), as
well as losses from the magnetic proper-
ties of the core and from winding resis-
tance. The latter is a source of Johnson
noise, as well. Nevertheless, when deal-
ing with a signal of very low source im-
pedance, you may have no choice, and
transformer coupling can be very bene-
ficial, as the preceding example demon-
strates. Exotic techniques such as cooled
transformers, superconducting transform-

ers, and SQUIDS (superconducting quan-
tum interference devices) can provide good
noise performance at low impedance and
voltage levels. With SQUIDs you can mea-
sure voltages of 10-15 volt! (c) Again, a
warning: Don't attempt to improve perfor-

mance by adding a resistor in series with
a low source impedance. If you do that,
you're just another victim of the noise-
figure fallacy.

❑ High source Impedances

If the source impedance is high, say greater

than 100k or so, transistor current noise
dominates, and the best device for
low-noise amplification is a FET. Although

their voltage noise is usually greater than

that of bipolar transistors, the gate current

(and its noise) can be exceedingly small,

making them ideally suited for low-noise
high-impedance amplifiers. Incidentally, it
is sometimes useful to think of Johnson
noise as a current noise in = vn/R3.
This lets you compare source noise
contributions with amplifier current noise
(Fig. 7.52).

7.15 FET noise

We can use the same amplifier noise model

for FETs, namely a series noise voltage

source and a parallel noise current source.
You can analyze the noise performance
with exactly the same methods used for

bipolar transistors. For example, see

the graphs in the section on bipolar/FET

shootout.
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There is another way to increase g,,,,,
and therefore decrease JFET voltage noise:
13y paralleling a pair of JFETs you get twice
the gm, but of course this is at twice the
ID. But now if you run the combination
at the previous ID, you still improve g-,,,, by
a factor of ~ over the single-JFET value,
without increasing total drain current. In
practice you can simply parallel a number
of matched JFETs, or look fora large-
geometry JFET like the 2SJ72 and 2SK147
mentioned earlier.
There is a price to pay, however. All the

capacitances scale with the number of par-
alleled JFETs. As a result, high-frequency
performance (including noise figure) is de-
graded. In practice you should stop paral-
leling additional transistors when the cir-
cuit's input capacitance roughly matches
the source's capacitance. If you care about
performance at high frequencies, choose
JFETs with high g~,,, and low CT83i you
might consider the ratio g„~,/CT38 a high-
frequency figure of merit. Note that circuit
configurations can also play an important
role; e.g., the cascode circuit can be used
to eliminate the Miller effect (gain multi-
plication) on Crss•
MOSFETs tend to have much higher

voltage noise than JFETs, with 1/f noise
predominating, since the 1/f knee is as
high as lOkHz to 100kHz. For this reason
you wouldn't normally choose a MOSFET
for low-noise amplifiers below 1MHz.

o. i
1 M

Figure 7.52. Thermal noise voltage density
versus resistance at 25° C. The equivalent short-
circuit current noise density is also shown.

Voltage noise of JFETs

For JFETs the voltage noise e.~ is essen-
tially the Johnson noise of the channel
resistance, given approximately by

en = 4kT 
(2 1 1 

VZ~Hz
\39m~

where the inverse transconductance takes
the place of resistance in the Johnson-noise
formula. Since the transconductance rises
with increasing drain current (as ID), it
is generally best to operate FETs at high
drain current for lowest voltage noise.
However, since the en is Johnson noise,
which goes only as 1 / g.,,,,, and that in
turn goes as ID, e~ is finally propor-
tional to ID

1/4 
With such a mild depen-

dence of e~ on ID it doesn't pay to run
at a drain current so high that other prop-
erties of the amplifier are degraded. In
particular, a FET running at high current
gets hot, which (a) decreases gm, (b) in-
creases offset voltage drift and CMRR, and
(c) raises gate leakage dramatically; the
latter effect can actually increase voltage
noise, since there is some contribution to
e,~ from flicker noise associated with the
gate leakage current.

Current noise of JFETs
At low frequencies the current noise in
is extremely small, arising from the shot
noise in the gate leakage current (Fig. 7.53):

in = (3.2 x 10-19IGB~ 2 Arms)

In addition, there is a flicker-noise com-
ponent in some FETs. The noise cur-
rent rises with increasing temperature, as
the gate leakage current rises. Watch out
for the rapidly increasing gate leakage in
n-channel JFETs that occurs for operation
at high VDG (see Section 3.09).

100 1k 10k 100k

resistance (~)
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Figure 7.53. Input noise current versus gate
leakage current for JFETs. (Courtesy of Na-
tional Semiconductor Corp.)

At moderate to high frequencies there

is an additional noise term, namely the

real part of the input impedance seen

looking into the gate. This comes from

the effect of feedback capacitance (Miller

effect) when there is a phase shift at the

output due to load capacitance; i.e., the

part of the output signal that is shifted 90°

couples through the feedback capacitance

C,.98 to produce an effective resistance at

the input, given by

R — 1 + wCLRL ohms
w29m~%rsacLRL

As an example, the 2N5266 p-channel

JFET has a noise current of O.00SpA/Hz2

and a noise voltage en of 12nV/Hz2,

both at IDss and lOkHz. The noise

current begins climbing at about SOkHz.

These figures are roughly 100 times better

in in and 5 times worse in en than the

corresponding figures for the 2N5087

used earlier.
With FETs you can achieve good noise

performance for input impedances in the

range of l Ok to 100M. The PAR model 116

preamp has a noise figure of 1 dB or better

for source impedances from Sk to lOM in

the frequency range from 1 kHz to l OkHz.

Its performance at moderate frequencies

AMPLIFIER NOISE
7.17 Noise in difFerential and feedback amplifiers

corresponds to a noise voltage of 4nV/Hz2

and a noise current of 0.013pA/Hz~.

7.16 Selecting low-noise transistors

As we mentioned earlier, bipolar transis-

tors offer the best noise performance
with low source impedances, owing to their

lower input voltage noise. Voltage noise,

en, is reduced by choosing a transistor with

low base spreading resistance, rbb, and

operating at high collector current (as

long as hFE remains high). For higher

source impedances the current noise can

be minimized instead by operating at lower

collector current.

At high values of source impedance,

FETs are the best choices. Their volt-

age noise can be reduced by operating at

higher drain currents, where the transcon-

ductance is highest. FETs intended for

low-noise applications have high k values

(see Section 3.04), which usually means

high input capacitance. For example, the

low-noise 2N6483 has Ci98 = 20pF,

whereas the 2N5902 low-current FET has

Gias = 2pF

Figures 7.54 and 7.55 show compar-

isons of the noise characteristics of a num-

ber of popular and useful transistors.

❑ 7.17 Noise in differential and
feedback amplifiers

Low-noise amplifiers are often differential,

to obtain the usual benefits of low drift

and good common-mode rejection. When

you calculate the noise performance of a

differential amplifier, there are three points

to keep in mind: (a) Be sure to use

the individual collector currents, not the

sum, to get en and in from data sheets.

(b) The in seen at each input terminal is

the same as for asingle-ended amplifier

configuration. (c) The e,~ seen at one input,

with the other input grounded, say, is 3dB
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Figure 7.54. Input noise for some popular Figure 7.55. Input noise for some populartransistors. FETs.
A. Input noise voltage (en) versus collector A. Input noise voltage (en) versus drain currentcurrent. (ID ).
B. Input noise current (ice.) versus collector B. Input noise voltage (e„) versus frequency.current. C. Input noise current (in) versus frequency.C. Input noise current (i,~) versus frequency.
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larger than the single-transistor case, i.e.,

it is multiplied by ~.

In amplifiers with feedback, you want

to take the equivalent noise sources e~

and in out of the feedback loop, so you

can use them as previously described when

calculating noise performance with a given

signal source. Let's call the noise terms

brought out of the feedback loop eA and

iA, for amplifier noise terms. Thus the

amplifier's noise contribution to a signal

with source resistance Rs is

e2 = eA + (RsIA~2 VZ~Hz

Let's take the two feedback configurations

separately.

❑ Noninverting

For the noninverting amplifier (Fig. 7.56)

the input noise sources become
2 2
ZA — Zn

eA = en + 4kTRll + ~z~Rll)
z

where ems, is the "adjusted" noise voltage

for the differential configuration, i.e., 3dB

larger than for asingle-transistor stage.

The additional noise voltage terms arise

from Johnson noise and input-stage noise

current in the feedback resistors. Note

that the effective noise voltage and current

are now not completely uncorrelated, so

calculations in which their squares are

added can be in error by a maximum factor

of 1.4.

/A
~A

Figure 7.56

AMPLIFIER NOISE
7.17 Noise in differential and feedback amplifiers

For a follower, RZ is zero, and the
effective noise sources are just those of the
differential amplifier alone.

❑ Inverting

For the inverting amplifier (Fig. 7.57) the
input noise sources become

iA = in + 4kT R
z

eA = en + Ri (2n + 4kT ~ I
~ ai

— ~n + ~igA

Af
eA

Figure 7.57

Op-amp selection curves

You now have all the tools necessary to

analyze op-amp input circuits. Their noise
is specified in terms of en and ice,, just

as with transistors and FETs. You don't

get to adjust anything, though; you only

get to use them. The data sheets may
need to be taken with a grain of salt.

For example, "popcorn noise" is typified

by jumps in offset at random times and

duration. It is rarely mentioned in polite

company. Figure 7.58 summarizes the

noise performance of some popular op-

amps.

' Wideband noise

Op-amp circuits are generally dc-coupled

and extend to some upper frequency limit

f~„to~• Therefore it is of interest to

Rz know the total noise voltage over this

Rz band, not merely the noise power density.

Figure 7.59 presents some graphs showing

the rms noise voltage in a band extending
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Figure 7.59. Wideband noise voltage for some
popular op-amps.

1

the signal impedance seen from the op-
amp, Rs;g (which includes the effects of
feedback components, as given in the fore-
going expressions). Generally speaking,
you want op-amps with low in for high sig-
nal impedances, and op-amps with low e,~
for low signal impedances. Assuming the
signal source is at room temperature, the
total input-referred squared noise voltage
density is just

eA = 4kTRsig + 2n2 +~ZnRsig~2

where the first term is due to Johnson
noise, and the last two terms are due to op-
amp noise voltage and current. Obviously
the Johnson noise sets a lower bound to
the input-referred noise. In Figure 7.60
we've plotted the quantity eA (at IOHz)
as a function of Rg;g for the quietest op-
amps we could find. For comparison
we included our jellybean JFET LF411
and the micropower bipolar OP-90. The
latter, although an excellent micropower
op-amp, has high noise voltage (because
the front end operates at low collector
current, hence high re and therefore high
Johnson noise) and also high noise current
(because the bipolar input has substan-
tial base current); it shows just how good

1 OR90 
LT1028

LM 394 1100µA1 ~P z~, OP-37

OP 77
0.1

LT1013 13581
a

a o.o~
LF411, ICL761x

LT105

o.00i

o.000i --
1 10 100 11k 10k

frequency IHz)

e

Figure 7.58. Input noise for some popular op-
amps.
A. Input noise voltage (en) versus frequency.
B. Input noise current (ice) versus frequency.

from do to the indicated frequency; they
were calculated by integrating the noise
power curves for the various op-amps.

Choosing a toes-noise op-amp
It is simple to choose an op-amp to mini-
mize noise in some frequency range, given
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OP-90

o LF411 
~/ // 

rAD707OPA111

~0 LM607

10 MAX400

j LT1001
c
d OP-27, OP-37,

0 0.5~ LT 1007
~ LT1028 ~c
~ ytio
o ~ Bey

10 100 1k 10k 100k 1M 10M 100M

source resistance, R, ~Sil

Figure 7.60. Total noise (source resistor plus
amplifier, at IOHz) for high-performance op-
amps.

current of an amplifier, and from these the
noise figure and signal-to-noise ratio for
any given signal source. That's all you ever
need to know about the noise performance
of an amplifier. Basically the process con-

sists of putting known noise signals across
the input, then measuring the output noise

signal amplitudes within a certain band-

width. In some cases (e.g., a matched
input impedance device such as a radio-

frequency amplifier) an oscillator of accu-
rately known and controllable amplitude is
substituted as the input signal source.
Later we will discuss the techniques you

need to do the output voltage measure-
ment and bandwidth limiting. For now,
let's assume you can make rms measure-
ments of the output signal, with a measure-
ment bandwidth of your choice.

the premium low-noise op-amps really D 7.18 Measurement without a noise

are.

❑ Low-noise preamps

In addition to the low-noise op-amps, there

are some nice low-noise IC preamplifiers.

Unlike op-amps, these generally have fixed
voltage gain, though in some models you

can attach an external gain-setting resistor.

People sometimes call these "video ampli-

fiers" because they often have bandwidths

into the tens of megahertz, though they can

be used for low-frequency applications as
well. Examples are the Plessey SL561 B

and several models from Analog Systems.

These amplifiers typically have en less than

1 nV/ Hz, achieved (at the expense of high

input noise current, i,~) by running the

input transistor at relatively high collector

current.

❑ NOISE MEASUREMENTS AND NOISE

SOURCES

It is a relatively straightforward process to

determine the equivalent noise voltage and

source

For an amplifier stage made from a FET
or transistor and intended for use at low
to moderate frequencies, the input imped-
ance is likely to be very high. You want
to know en and in so that you can predict

the SNR with a signal source of arbitrary

source impedance and signal level, as we
discussed earlier. The procedure is sim-
ple:
First, determine the amplifier's voltage

gain GV by actual measurement with a
signal in the frequency range of interest.
The amplitude should be large enough to

override amplifier noise, but not so large

as to cause amplifier saturation.
Second, short the input and measure the

rms noise output voltage, es. From this
you get the input noise voltage per root

hertz from

en = e8 1 V/Hz2
GVB2

where B is the bandwidth of the measure-

ment (see Section 7.21).
Third, put a resistor R across the input,

and measure the new rms noise output
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voltage, e,.. The resistor value should be
large enough to add significant amounts
of current noise, but not so large that the
input impedance of the amplifier begins
to dominate. (If this is impractical, you
can leave the input open and use the
amplifier's input impedance as R.) The
output you measure is just

er = [ems, + 4kTR + (inR)2]BGV

from which you can determine in to be

1 e2 2

2'z Re [BGv — ~en 
+ 4kTR)

With some luck, only the first term in
the square root will matter (i.e., if current
noise dominates both amplifier voltage
noise and source resistor Johnson noise).
Now you can determine the SNR for a

signal Ve of source impedance R9i namely

SNR = lO loglo I V~? )

V2
= lO login 

~en + (i~,RB)2 + 4kTR8]B

where the numerator is the signal voltage
(presumed to lie within the bandwidth
B) and the terms in the denominator are
the amplifier noise voltage, amplifier noise
current applied to R8f and Johnson noise
in R8. Note that increasing the amplifier
bandwidth beyond what is necessary to
pass the signal V8 only decreases the final
SNR. However, if V9 is broadband (e.g.,
a noise signal itself, the final SNR is
independent of amplifier bandwidth. In
many cases the noise will be dominated by
one of the terms in the preceding equation.

❑ 7.19 Measurement with noise source

The preceding technique of measuring the
noise performance of an amplifier has the
advantage that you don't need an accurate
and adjustable noise source, but it requires
an accurate voltmeter and filter, and it

assumes that you know the gain versus
frequency of the amplifier, with the actual
source resistance applied. An alternative
method of noise measurement involves
applying broadband noise signals of known
amplitude to the amplifier's input and
observing the relative increase of output
noise voltage. Although this technique
requires an accurately calibrated noise
source, it makes no assumptions about
the properties of the amplifier, since it
measures the noise properties right at the
point of interest, at the input.
Again, it is relatively straightforward to

make the requisite measurements. You
connect the noise generator to the ampli-
fier's input, making sure that its source
impedance Ry equals the source imped-
ance of the signal you ultimately plan to
use with the amplifier. You first note the
amplifier's output rms noise voltage, with
the noise source attenuated to zero output
signal. Then you increase the noise source
rms amplitude Vy until the amplifier's out-
put rises 3dB (a factor of 1.414 in rms out-
put voltage). The amplifier's input noise
voltage in the measurement bandwidth, for
this source impedance, equals this value of
added signal. The amplifier therefore has
a noise figure

V2
NF = 101og10 94kTRy

From this you can figure out the SNR
for a signal of any amplitude with this
same source impedance, using the formula
from Section 7.12

a
SNR = 101og10 V9 — NF(R9) dB

4kTR9

There are nice calibrated noise sources
available, most of which provide means
for attenuation to precise levels iu the
microvolt range. Note: Once again, the
preceding formulas assume R;,, ~> R3
If, on the other hand, the noise-figure
measurement is made with a matched
signal source, i.e., if Re = Z;,,, then
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omit the factors "4" in the preceding

expressions.

Note that this technique does not tell

you en and in directly, just the appropri-

ate combination for a source of imped-

ance equal to the driving impedance you

used in the measurement. Of course,

by making several such measurements

with different noise source impedances,

you could infer the values of e~, and

8~,.

A nice variation on this technique is to

use resistor Johnson noise as the "noise

source." This is a favorite technique used

by designers of very low noise radiofre-

quency amplifiers (in which, incidentally,

the signal source impedance is usually SOSZ

and matches the amplifier's input imped-

ance). It is usually done the following

way: A dewar of liquid nitrogen holds

a 50 ohm "termination" (a fancy name

for awell-designed resistor that has negli-

gible inductance or capacitance) at the

temperature of boiling nitrogen, 77°K; a

second 50 ohm termination is kept at

room temperature. The amplifier's input is

connected alternately to the two resistors

(usually with ahigh-quality coax relay),

while the output noise power (at some cen-

ter frequency, with some measurement

bandwidth) is measured with an RF power

meter. Call the results of the two measure-

ments PC and PH, the output noise power

corresponding to cold and hot source re-

sistors, respectively. It is then easy to

show that the amplifier's noise tempera-

ture, at the frequency of the measurement,

is just

~,~ _ TH — YTc

Y-1

where Y = PH/PC, the ratio of noise

powers. Noise figure is then given by the

formula of Section 7.12, namely

NF(dB) = 101og10 
(29~ + 

1~

EXERCISE 7.6

Derive the foregoing expression for noise tem-

perature. Hint: Begin by noting that PH =
a(Tn + TH) and PC = a(7n + Tc),
where a is a constant that will shortly disap-
pear. Then note that the noise contribution of
the amplifier, stated as a noise temperature,
adds to the noise temperature of the source
resistor. Take it from there.

EXERCISE 7.7

Amplifier noise temperature (or noise figure)

depends on the value of signal source im-
pedance, R8. Show that an amplifier char-
acterized by ems, and ice, (as in Fig. 7.46) has
minimum noise temperature for a source
impedance R8 = en/in. Then show that the
noise temperature, for that value of R3, is
given by T,~ = eni~/2k.

❑ Amplifiers with matched input
impedance

This last technique is ideal for noise

measurements of amplifiers designed for a
matched signal source impedance. The
most common examples are in radiofre-

quency amplifiers or receivers, usually

meant to be driven with a signal source im-

pedance of 50 ohms, and which themselves

have an input impedance of 50 ohms. We
will discuss in Chapter 13 the reasons for

this departure from our usual criterion that

a signal source should have a small source

impedance compared with the load it

drives. In this situation en and in are irrel-

evant as separate quantities; what matters

is the overall noise figure (with matched

source) or some specification of SNR with

a matched signal source of specified ampli-

tude.
Sometimes the noise performance is ex-

plicitly stated in terms of the narrowband

input signal amplitude required to obtain

a certain output SNR. A typical radiofre-

quency receiver might specify a lOdB SNR
with a 0.25µV rms input signal and 2kHz

receiver bandwidth. In this case the pro-

cedure consists of measuring the rms re-

ceiver output with the input driven by a
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+5V

~,~3.31<I

MM5437
digital
noise
source HC04

66.5k

33.2k ~ 10.Ok ~ 2.49k

0.1µF LF411
i

pink noise

3.3M

0.7µF 0.03µ~0.01µ~900p~

Figure 7.61. Pink noise source (-3dB/octave, f0.25dB from IOHz to 40kHz).

matched sine-wave source initially atten-
uated to zero, then increasing the (sine-
wave) input signal until the rms output
rises IOdB, in both cases with the receiver
bandwidth set to 2kHz. It is important to
use a meter that reads true rms voltages
for a measurement where noise and sig-
nal are combined (more about this later).
Note that radiofrequency noise measure-
ments often involve output signals that are
in the audiofrequency range.

❑ 7.20 Noise and signal sources

Broadband noise can be generated from
the effects we discussed earlier, namely
Johnson noise and shot noise. The shot
noise in a vacuum diode is a classic source
of broadband noise that is especially use-
ful because the noise voltage can be pre-
dicted exactly. More recently, zener diode
noise has been used in noise sources. Both
of these extend from do to very high fre-
quencies, making them useful in audiofre-
quency and radiofrequency measurements.
An interesting noise source can be made

using digital techniques, in particular by
connecting long shift registers with their
input derived from amodulo-2 addition of
several of the later bits (see Section 9.33).
The resultant output is a pseudorandom
sequence of 1's and 0's that after low-
pass filtering generates an analog signal of
white spectrum up to the low-pass filter's

break-point, which must be well below
the frequency at which the register is
shifted. These things can be run at very
high frequencies, generating noise up to
100kHz or more. The "noise" has the
interesting property that it repeats itself
exactly after a time interval that depends
on the register length (an n-bit maximal-
length register goes through 2~ — 1 states
before repeating). Without much difficulty
that time can be made to be very long
(months or years), although most often
a period of a second is long enough.
For example, a 50-bit register shifted at
IOMHz will generate white noise up to
100kHz or so, with a repeat time of 3.6
years. A design for a pseudorandom noise
source based on this technique is shown in
Section 9.36.
Some noise sources can generate pink

noise as well as white noise. Pink noise
has equal noise power per octave, rather
than equal power per hertz. Its power
density (power per hertz) drops off at
3dB/octave. Since an RC filter drops off
at 6dB/octave, a more complicated filter is
necessary to generate a pink spectrum from
a white noise input. The circuit shown in
Figure 7.61 uses a 23-bit pseudorandom
white noise generator chip to generate pink
noise, accurate to f0.25dB from IOHz to
40kHz.
Versatile signal sources are available

with precisely controlled output amplitude
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(down to the microvolt range and below)

over frequencies from a fraction of a
hertz to gigahertz. Some can even be pro-
grammed via a digital "bus." An example
is the Hewlett-Packard model 8660 syn-

thesized signal generator, with output fre-
quencies from 0.01 to 110MHz, calibrated
amplitudes from l OnV to 1 volt rms, hand-
some digital display and bus interface, and
nifty accessories that extend the frequency
range to 2.6GHz and provide modulation
and frequency sweeping. This is a bit more
than you usually need to do the job.

❑ 7.21 Bandwidth limiting and
rms voltage measurement

❑ Limiting the bandwidth

All the measurements we have been talking
about assume that you are looking at the
noise output only in a limited frequency
band. In a few cases the amplifier may
have provision for this, making your job
easier. If not, you have to hang some
sort of filter on the amplifier output before
measuring the output noise voltage.

" ~ / RC (20dB/decade)

—10 
f3ae i

brick-wall equivalent

_20 i
gain i

(dB) —30 ~i
-ao

i

noise bandwidths frequency—~

8 = 1.57f3dB

Figure 7.62. Equivalent "brick-wall" noise
bandwidth for RC low-pass filter.

The easiest thing to use is a simple
RC low-pass filter, with 3dB point set at
roughly the bandwidth you want. For
accurate noise measurements, you need to
know the equivalent "noise bandwidth,"
i.e., the width of a perfect "brick-wall" low-

pass filter that lets through the same noise
voltage (Fig. 7.62). This noise bandwidth
is what should be used for B in all the

preceding formulas. It is not terribly diffi-
cult to do the mathematics, and you find

B = 2 ,f3dB = 1.57 f 3dB

For a pair of cascaded RCs (buffered so
they don't load each other), the magic for-
mula becomes B = 1.22 f3dB. For the But-
terworth filters discussed in Section 5.05,
the noise bandwidth is

B =1.5~ fgdg (1 pole)
B= I. L 1 f gdg (2 poles)
B =I.OS fgdg (3 poles)
B =1.02 S f gdg (4 poles)

If you want to make band-limited measure-
ments up at some center frequency, you
can just use a pair of RC filters (Fig. 7.63),
in which case the noise bandwidth is as in-
dicated. If you have had experience with
contour integration, you may wish to try
the following exercise.

z,~ fz

Od6 
8 2 f~ + f2

high pass low pass

gain f~ fZ

Id61
frequency

Figure 7.63. Equivalent "brick-wall" noise
bandwidth for RC bandpass filter.

EXERCISE 7.8
Optional exercise: Derive the preceding result,
beginning with the response functions of RC
filters. Assume unit power per hertz input
signal, and integrate the output power from
zero to infinity. A contour integral then gets
you the answer.

Another way to make a bandpass filter
for noise measurements is to use an RLC
circuit. This is better than a pair of
cascaded high-pass and low-pass RC filters
if you want your measurement over a
bandpass that is narrow compared with the
center frequency (i.e., high Q). Figure 7.64
shows both parallel and series RLC circuits
and their exact noise bandwidths. In both
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cases the resonant frequency is given by
fn = 1 /2~r LC. You might arrange the
bandpass filter circuit as a parallel RLC
collector (or drain) load, in which case you
use the expression as given. Alternatively,
you might interpose the filter as shown in
Figure 7.65; for noise bandwidth purposes
the circuit is exactly equivalent to the
parallel RLC, with R = R1~~R2.

R ~ C

B 2Q 4RC

IQ = z~~oRcl

~~ L

xto R
B 2Q 4L

(Q = 2afoL~R1

Figure 7.64. Eqivalent "brick-wall" noise
bandwidth for RLC bandpass filter.

1
B 4CRi~~R2

Figure 7.65

❑ Measuring the noise voltage

The most accurate way to make output
noise measurements is to use a true rms
voltmeter. These operate either by mea-
suring the heating produced by the signal
waveform (suitably amplified) or by using

an analog squaring circuit followed by av-
eraging. If you use a true rms meter; make
sure it has response at the frequencies you
are measuring; some of them only go up
to a few kilohertz. True rms meters also
specify a "crest factor," the ratio of peak
voltage to rms that they can handle with-
out great loss of accuracy. For Gaussian
noise, a crest factor of 3 to 5 is adequate.
You can use a simple averaging-type ac

voltmeter instead, if a true rms meter is
unavailable. In that case, the values read
off the scale must be corrected. As it turns
out, all averaging meters (VOMs, DMMs,
etc.) already have their scales adjusted, so
what you read isn't actually the average,
but rather the rms voltage assuming a sine-
wave signal. For example, if you measure
the power-line voltage in the United States,
your meter will read something close to
117 volts. That's fine, but if the signal
you're reading is Gaussian noise, you have
to apply an additional correction. The rule
is as follows: To get the rms voltage of
Gaussian noise, multiply the "rms" value
you read on an averaging ac voltmeter by
1.13 (or add 1 dB). Warning: This works
fine if the signal you are measuring is pure
noise (e.g., the output of an amplifier with
a resistor or noise source as input), but
it won't give accurate results if the signal
consists of a sine wave added to noise.
A third method, not exactly world-

famous for its accuracy, consists of looking
at the noise waveform on an oscilloscope:
The rms voltage is 1/6 to 1/8 of the
peak-to-peak value (depending on your
subjective reading of the pp amplitude).
It isn't very accurate, but at least there's
no problem getting enough measurement
bandwidth.

7.22 Noise potpourri

Herewith a collection of interesting, and
possibly useful, facts.
1. The averaging time required in an indi-
cating device to reduce the fluctuations of
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a rectified noise signal to a desired level for

a given noise bandwidth is

1600
T ~ seconds

BQZ

where T is the required time constant of

the indicating device to produce fluctua-

tions ofstandard deviation Q percent at the

output of a linear detector whose input is

noise of bandwidth B.
2. For band-limited white noise the

expected number of maxima per second is

N = 3~fi — fi )

5~fa — fi)

where fl and f2 are the lower and upper

band limits. For fl = 0, N = 0.77 f2;

for narrowband noise (fl ,: f2), N

~fi + fa)~2.
3. rms-to-average (i.e., average magnitude)

ratios:

Gaussian noise: rms/avg = ~r/2 = 1.25
= 1.96dB

3

Sine wave: rms/avg = ~r~22 = 1.11
= 0.91dB

-~
a

0

~ ~
> ~
~ U
~ X

~ ~
E

0

a

1 2 3 4

Irms
value)

absolute amplitude level (V)

Figure 7.66. Relative occurrence of amplitudes
in Gaussian noise.

layout and grounding, and extensive elec-

trostatic and magnetic shielding. In these

sections we would like to offer some sug-

gestions that may help illuminate this dark

area of the electronic art.

Square wave: rms/avg = 1 = OdB

4. Relative occurrence of amplitudes in

Gaussian noise. Figure 7.66 gives the

fractional time that a given amplitude level

is exceeded by a Gaussian noise waveform

of amplitude 1 volt rms.

INTERFERENCE: SHIELDING AND

GROUNDING

"Noise" in the form of interfering signals,

60Hz pickup, and signal coupling via

power supplies and ground paths can turn

out to be of far greater practical impor-

tancethan the intrinsic noise sources we've

just discussed. These interfering signals

can all be reduced to an insignificant level

(unlike thermal noise) with proper layout

and construction. In stubborn cases the

cure may involve a combination of fil-

tration of input and output lines, careful

7.23 Interference

Interfering signals can enter an electronic

instrument through the power-line inputs

or through signal input and output lines.
In addition, signals can be capacitively

coupled (electrostatic coupling) onto wires
in the circuit (the effect is more serious

for high-impedance points within the cir-

cuit), magnetically coupled to closed loops

in the circuit (independent of impedance

level), or electromagnetically coupled to

wires acting as small antennas for electro-

magnetic radiation. Any of these can be-

come amechanism for coupling of signals

from one part of a circuit to another. Fi-

nally, signal currents from one part of the

circuit can couple to other parts through

voltage drops on ground lines or power-

supply lines.

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



PRECISION CIRCUITS AND LOW-NOISE TECHNIQUES
456 ~haptea 7

Eliminating interference

Numerous effective tricks have been
evolved to handle most of these commonly
occurring interference problems. Keep in
mind the fact that these techniques are all
aimed at reducing the interfering signal or
signals to an acceptable level; they rarely
eliminate them altogether. Consequently,
it often pays to raise signal levels, just
to improve the signal-to-interference ratio.
Also, it is important to realize that some
environments are much worse than others;
an instrument that works just dandy on
the bench may perform miserably on lo-
cation. Some environments worth avoid-
ing are those (a) near a radio or televi-
sion station (RF interference), (b) near a
subway (impulsive interference and power-
line garbage), (c) near high-voltage lines
(radio interference, frying sounds), (d) near
motors and elevators (power-line spikes),
(e) in a building with triac lamp and heater
controllers (power-line spikes), (~ near
equipment with large transformers (mag-
netic pickup), and (g) near arc welders (un-
believable pickup of all sorts). Herewith a
gathering of advice, techniques, and black
magic:

Signals coupled through inputs,
outputs, and power line

The best bet for power-line noise is to
use a combination of RF line filters and
transient suppressors on the ac power
line. You can achieve 60dB or better
attenuation of interference above a few
hundred kilohertz this way, as well as
effective elimination of damaging spikes.

Inputs and outputs are more difficult,
because of impedance levels and the need
to couple desired signals that may lie in the
frequency range of interference. In devices
like audio amplifiers you can use low-pass
filters on inputs and outputs (much inter-
ference from nearby radio stations enters
via the speaker wires, acting as antennas).
In other situations shielded lines are often

necessary. Low-level signals, particularly
at high impedance levels, should always be
snieldeci. So should the instrument cabi-
net.

Capacitive coupling

Signals within an instrument can get
around handsomely via electrostatic cou-
pling: Some point within the instrument
has a 10 volt signal jumping around; a
high-Z input nearby does some sympa-
thetic jumping, too. The best things to do
are to reduce the capacitance between the
offending points (move them apart), add
shielding (a complete metal enclosure, or
even close-knit metal screening, eliminates
this form of coupling altogether), move the
wires close to a ground plane (which "swal-
lows" the electrostatic fringing fields, re-
ducing coupling enormously), and lower
the impedance levels at susceptible points,
if possible. Op-amp outputs don't pick
up interference easily, whereas inputs do.
More on this later.

Magnetic coupling

Unfortunately, low-frequency magnetic
fields are not significantly reduced by metal
enclosures. A turntable, microphone, tape
recorder, or other sensitive circuit placed
in close proximity to an instrument with
a large power transformer will display as-
tounding amounts of 60Hz pickup. The
best therapy here is to avoid large enclosed
areas within circuit paths and try to keep
the circuit from closing around in a loop.
Twisted pairs of wires are quite effective
in reducing magnetic pickup, because the
enclosed area is small, and the signals in-
duced in successive twists cancel.
When dealing with very low level sig-

nals, or devices particularly susceptible to
magnetic pickup (tape heads, inductors,
wire-wound resistors), it may be desirable
to use magnetic shielding. "Mu-metal
shielding" is available in preformed pieces
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and flexible sheets. If the ambient mag-

netic field is large, it is best to use shield-

ing of high permeability (high mu) on the

inside, surrounded by an outer shield of

lower permeability (which can be ordinary

iron, or low-mu shielding material), to
prevent magnetic saturation in the inner

shield. Of course, moving the offending

source of magnetic field is often a sim-

pler solution. It may be necessary to ex-

ile large power transformers to the hinter-

lands, so to speak. Toroidal transformers
have smaller fringing fields than the stan-

dard frame types.

Radiofrequency coupling

RF pickup can be particularly insidious,

because innocent-looking parts of the cir-

cuit can act as resonant circuits, display-
ing enormous effective cross section for
pickup. Aside from overall shielding, it is

best to keep leads short and avoid loops

that can resonate. Ferrite beads may help,

if the problem involves very high frequen-

cies. A classic situation is the use of a
pair of bypass capacitors (one tantalum,

one disc ceramic), often recommended to
improve bypassing. The pair can form a
lovely parasitic tuned circuit somewhere in

the HF to VHF region (tens to hundreds of
megahertz), with self-oscillations!

7.24 Signal grounds

Ground leads and shields can cause plenty
of trouble, and there is a lot of misunder-

standing on this subject. The problem, in

a nutshell, is that currents you forgot about
flowing through a ground line can generate
a signal seen by another part of the circuit
sharing the same ground. The technique of

a ground "mecca" (a common point in the
circuit to which all ground connections are
tied) is often seen, but it's a crutch; with

a little understanding of the problem you
can handle most situations intelligently.

Common grounding blunders

Figure 7.67 shows a common situation.
Here a loes-level amplifier and a high-
current driver are in the same instrument.
The first circuit is done correctly: Both
amplifiers tie to the supply voltages at the
regulator (right at the sensing leads), so IR
drops along the leads to the power stage
don't appear on the low-level amplifier's
supply voltages. In addition, the load cur-
rent returning to ground does not appear at
the low-level input; no current flows from
the ground side of the low-level amplifier's
input to the circuit mecca (which might be
the connection to the case near the BNC
input connector).

In the second circuit there are two blun-
ders. Supply voltage fluctuations caused
by load currents at the high-level stage are
impressed on the low-level supply voltages.
Unless the input stage has very good sup-
ply rejection, this can lead to oscillations.
Even worse, the load current returning to
the supply makes the case "ground" fluc-
tuate with respect to power-supply ground.
The input stage ties to this fluctuating
ground, a very bad idea. The general idea
is to look at where the large signal cur-

rents are flowing and make sure their IR

drops don't wind up at the input. In some
cases it may be a good idea to decouple
the supply voltages to the low-level stages
with a small RC network (Fig. 7.68). In
stubborn cases of supply coupling it may
pay to put a zener or 3-terminal regulator
on the low-level-stage supply for additional

decoupling.

❑ 7.25 Grounding between instruments

The idea of a controlled ground point
within one instrument is fine, but what
do you do when a signal has to go from

one instrument to another, each with its

own idea of "ground"? Some suggestions
follow.
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A

Figure 7.67. Ground paths for low-level signals.
A. Right
B. Wrong

v,
iosa

10µF

low high
leve I leve

io

Figure 7.68

❑ High-level signals

room or (worse) in different rooms or build-
ings. It consists of some 60Hz volt-
age, harmonics of the line frequency, some
radiofrequency signals (the power line
makes a good antenna), and assorted spikes
and other garbage. If your signals are large
enough, you can live with this.

signal

— ~ t-10~ OmV,~,

— — 
~ ~ _

If the signals are several volts, or large logic
swings, just tie things together and forget
about it (Fig. 7.69). The voltage source
shown between the two grounds represents
the variations in local grounds you'll find
on different power-line outlets in the same

Figure 7.69

❑ Small signals and long wires
For small signals this situation is intolera-
ble, and you will have to go to some effort
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cult
Fund

rcuit
ound

Figure 7.70. Ground connections for low-level signals through shielded cables.

to remedy the situation. Figure 7.70 shows
some ideas. In the first circuit, a coaxial
shielded cable is tied to the case and circuit
ground at the driving end, but it is kept
isolated from the case at the receiving end

(use a Bendix 4890-1 or Amphenol 31-010
insulated BNC connector). A differential
amplifier is used to buffer the input signal,
thus ignoring the small amount of "ground
signal" appearing on the shield. A small

V" or use
differential
outputs
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resistor and bypass capacitor to ground is
a good idea to limit ground swing and pre-
vent damage to the input stage. "1'he alter-
nate receiver circuit in Figure 7.70 shows
the use of a "pseudodifferential" input con-
nection for asingle-ended amplifier stage
(which might, for example, be a standard
non-inverting op-amp connection, as in-
dicated). The 10 ohm resistor between
amplifier common and circuit ground is
large enough to let the signal source's refer-
ence ground set the potential at that point,
since it is much larger than the imped-
ance of the source's ground. Any noise
present at that node, of course, appears
also at the output. However, this becomes
unimportant if the stage has sufficiently
high voltage gain, GV, since the ratio of
desired signal to ground noise is reduced
by GV. Thus, although this circuit isn't
truly differential (with infinite CMRR), it
works well enough (with effective CMRR
= Gy). This pseudo-differential ground-
sensing trick can be used also for low-level
signals within an instrument, when ground
noise is a problem.

In the second circuit, a shielded twisted
pair is used, with the shield connected
to the case at both ends. Since no sig-
nal travels on the shield, this is harm-
less. A differential amplifier is used as
before on the receiving end. If logic sig-
nals are being transmitted, it is a good idea
to send a differential signal (the signal and
its inverted form), as indicated. Ordinary
differential amplifiers can be used as in-
put stages, or if the ground interference
is severe, special "isolated amplifiers" are
available from manufacturers like Analog
Devices and Burr-Brown. The latter per-
mit kilovolts of common-mode signals. So
do opto-isolator modules, a handy solution
for digital signals in some situations.
At radiofrequencies, transformer cou-

pling offers a convenient way of removing
common-mode signal at the receiving end;
this also makes it easy to generate a differ-
ential bipolarity signal at the driving end.

Transformers are popular in audio appli-
cations as well, although they tend to be
bulky and lead to some signal degradation.
For very long cable runs (measured in

miles) it is useful to prevent large ground
currents flowing in the shield at radiofre-
quencies. Figure 7.71 suggests a method.
As before, a differential amplifier looks at
the twisted pair, ignoring the voltage on
the shield. By tying the shield to the case
through a small inductor, the do voltage is
kept small while preventing large radiofre-
quency currents. This circuit also shows
protection circuitry to prevent common-
mode excursions beyond f 10 volts.

+15V

-15V

Figure 7.71. Input-protection circuits for use
with very long lines.

Figure 7.72 shows a nice scheme to save
wires in a multiwire cable in which the
common-mode pickup has to be elimina-
ted. Since all the signals suffer the same
common-mode pickup, a single wire tied
to ground at the sending end serves to
cancel the common-mode signals on each
of the n signal lines. Just buffer its signal

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



INTERFERENCE: SHIELDING AND GROUNDING

7.25 Grounding between instruments 461

signals

comma

Figure 7.72. Common-mode interference rejection with long multiwire cables.

(with respect to ground at the receiving

end), and use it as the comparison input
for each of n differential amplifiers looking

at the other signal lines.
The preceding schemes work well to

eliminate common-mode interference at

low to moderate frequencies, but they can

be ineffective against radiofrequency in-

terference, owing to poor common-mode
rejection in the receiving differential am-

plifier.
One possibility here is to wrap the whole

cable around a ferrite toroid (Fig. 7.73).

That increases the series inductance of

the whole cable, raising the impedance to
common-mode signals of high frequency
and making it easy to bypass them at the
far end with a pair of small bypass ca-

pacitors to ground. The equivalent circuit

shows why this works without attenuating

the differential signal: You have a series
inductance inserted into both signal lines

and the shield, but since they form a tightly

coupled transformer of unit turns ratio,

the differential signal is unaffected. This
is actually a "1:1 transmission-line trans-

former," as discussed in Section 13.10.

_~
differential pair
with shield

ferrite toroid

transformer

Figure 7.73

❑ Floating signal sources

The same sort of disagreement about the
voltage of "ground" at separated locations

enters in an even more serious way at
low-level inputs, just because the signals

are so small. An example is a magnetic

tape head or other signal transducer that
requires a shielded signal line. If you
ground the shield at both ends, differences
in ground potential will appear as signal

at the amplifier input. The best approach

is to lift the shield off ground at the

transducer (Fig. 7.74).
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mV signals
tape head

~~
~ ~ -----

don't ground)

Figure 7.74

Isolation ampllffers

Another solution to serious ground-
contention problems is the use of an
"isolation amplifier." Isolation amplifiers
(iso-amps) are commercial devices in-
tended for coupling an analog signal (with
bandwidth clear down to dc) from a cir-
cuit with one ground reference to another
circuit with a completely different ground
(Pig. 7.75). In fact, in some bizarre
situations the "grounds" can differ by
many kilovolts! Isolation amplifiers are
mandatory for medical electronics in
which electrodes are applied to human
subjects, in order to isolate completely
those connections from any instrument
circuits powered directly from the ac
power lines. Currently available isolation
amplifiers use one of three methods:
1. Transformer isolation of a high-

frequency carrier signal, which is either
frequency-modulated or pulse-width-
modulated with the relatively low
bandwidth signal (dc to lOkHz or so) to
be isolated (Fig. 7.76). This method is
used in all of the isolation amplifiers from
Analog Devices, as well as some units
from Burr-Brown. Transformer-isolated
iso-amps have the convenient feature of
requiring do power only on one side;
they all include a transformer-coupled
do-to-dc converter in the package. Trans-
former-coupled iso-amps can isolate up
to 3.SkV and have typical bandwidths of
2kHz, though some units go to 20kHz.
2. Optically coupled signal transmission
via an LED at the sending end and
photodiode at the receiving end. This
technique is typified by the ISO100 from
Burr-Brown. No high-frequency carrier is
needed, since signals all the way to do
can be transmitted optically. However, to
achieve good linearity, Burr-Brown uses a
cute trick: A second matched photodiode
at the transmitting side receives light from
the LED, in a feedback arrangement that
cancels nonlinearities in both LED and
photodiode; see Figure 7.77. The ISO100
requires power supplies at both ends,
isolates to 750 volts, and has 60kHz band-
width.

input output
supply supply

~~ note grounds
signal

in 
~ signal

----- out

(dr-coupled)
input ~isolation outputcommon 

amplifier common

"grounds" can
differ by kilovolts Figure 7.75. Isolation amplifier concept.
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fil[~i

+ input

— input

input
feedback

input
common

iso power
common

+15V

-15V

output
feedback

output

output
offset trim
output
common/
iso power
common
+15V

3b'PI

+ VS

power
common

Figure 7.76. AD295 transformer-coupled isolation amplifier. (Courtesy of Analog Devices.)

isolation

barrier

~ 15V (driver) I ~ 1 5V Ireceiverl

V,,, RS +

N ~ V~~~~

- I +

LED ~

RF

V,,, a R~~R,

Figure 7.77. Opto-coupled analog
isolation amplifier.
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analog
signal in

elation
I IICI

_ ~

f

J"~

analog
signal out

Figure 7.78. Capacitively coupled isolation amplifier.

Figure 7.79. Burr-Brown IS0106 isolation amplifier. (Courtesy of Burr-Brown Corporation.)

3. Capacitively coupled isolation of a high-
frequency carrier signal, which is
frequency-modulated with the signal to be
isolated (Fig. 7.78). This technique is typ-
ified by the IS0102, IS0106, and IS0122
from Burr-Brown (Fig. 7.79 j. There is
no feedback, as with transformer isola-
tion, but for most models you need power
supplies at both ends. This usually isn't a
problem, since you are likely to have elec-
tronics at both ends, generating and using
the signal. If not, you can get an isolated

do-dc converter to use with the iso-amp.
The IS0106 isolates to 3.SkV and has
70kHz bandwidth.
These isolation amplifiers are all in-

tended for analog signals, of modest band-
width; they cost from $25 to $100 each.
The same sorts of ground problems can
arise in digital electronics, where the
solution is simple and effective: Optic-
ally coupled isolators ("opto-isolators")
are available, with plenty of bandwidth
(l OMHz or more), isolation of several

± 15V Idriverl ~ 15V Ireceiverl
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low c,~, /,,, low za

guard ____ I I

--- --- +1

high-Z ___
signal
source

guard

Figure 7.80. Using a guard to raise input impedance.

kilovolts, and low cost (a dollar or two)

We'll see them in Chapter 9.

❑ Signal guarding

A closely related issue is signal guarding,

an elegant technique to reduce the effects

of input capacitance and leakage for small

signals at high impedance levels. You may

be dealing with signals from a micro-

electrode or a capacitive transducer, with

source impedances of hundreds of meg-

ohms. Just a few picofarads input ca-

pacitance can form a loes-pass filter, with

rolloffs beginning at a few hertz! In ad-

dition, the effects of insulation resistance

in the connecting cables can easily degrade

the performance of an ultra-low input

current amplifier (bias currents less than

a picoamp) by orders of magnitude. The

solution to both these problems is a guard

electrode (Fig. 7.80).
A follower bootstraps the inner shield,

effectively eliminating leakage current and

capacitive attenuation by keeping zero

voltage difference between the signal and
its surrounding. An outer grounded shield

is a good idea, to keep interference off the

guard electrode; the follower has no trou-

ble driving that capacitance and leakage, of

course, since it has low output impedance.

You shouldn't use these tricks more

than you need to; it would be a good

idea to put the follower as close to the

signal source as possible, guarding only

the short section of cable connecting them.

Ordinary shielded cable can then carry the

low-impedance output signal out to the

remote amplifier. We will discuss signal

guards in Section 15.08 in connection with
high-impedance microelectrodes.

❑ Coupling to outputs

Ordinarily the output impedance of an op-
amp is low enough that you don't have to
worry about capacitive signal coupling. In

the case ofhigh-frequency or fast-switching
interference, however, you have just cause
for alarm, particularly if the desired out-

put signal involves some degree of preci-

sion. Consider the example in Figure 7.81.
A precision signal is buffered by an op-

amp and passes through a region contain-
ing digital logic signals jumping around
with slew rates of O. S V/ns. The op-amp's
closed-loop output impedance rises with
frequency, typically reaching values of
10 to 100 ohms or more at 1 MHz (see

Section 7.07). How large a coupling ca-

pacitance is permissible, keeping coupled
interference less than the analog signal's
resolution of O.1mV? The surprising

answer is 0.02pF.
There are some solutions. The best thing

is to keep your small analog waveforms out
of the reach of fast-switching signals. A
moderate bypass capacitor across the op-

amp's output (with perhaps a small series
resistor, to maintain op-amp stability) will

help, although it degrades the slew rate.

You can think of the action of this capac-
itor as lowering the frequency of the cou-

pled charge bundles to the point where the

op-amp's feedback can swallow them. A
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logic signal

2.5V

~~9'~ ' "~`OV 1 V signal
output ~ 0.1mV resolution
of , , ,

12-bit ~ ~ ~
/

p~A T T T

op-amp
signal wire

\zout^ 1051
interference

at 1MHz

Figure 7.81. Digital cross-coupling interference
with linear signals.

few hundred picofarads to ground wild
adequately stiffen the analog signal at high
frequencies (think of it as a capacitive
voltage divider). Another possibility is to
use a loes-impedance buffer, such as the
LT 1010, or a power op-amp such as the
LM675. Don't neglect the opportunity to
use shielding, twisted pairs, and proximity
to ground planes to reduce coupling.

SELF-EXPLANATORY CIRCUITS

7.26 Circuit ideas

Figure 7.82 presents some circuit ideas
relevant to the subjects of this chapter.

ADDITIONAL EXERCISES

(1) Prove that SNR = lO logio(v8
4kTR8)— NF(dB) (at R9).
(2) A 10µV (rms) sine wave at 100Hz is in
series with a 1 M resistor at room tempera-
ture. What is the SNR of the resultant sig-
nal (a) in a IOHz band centered at 100Hz
and (b) in a 1 MHz band going from do to
1 MHz?
(3) A transistor amplifier using a 2N5087
is operated at 100µA collector current and
is driven by a signal source of impedance
2000 ohms. (a) Find the noise figure at
100Hz, 1 kHz, and l OkHz. (b) Find the
SNR (at each of listed frequencies) for an

input signal of SOnV (rms) and an amplifier
bandwidth of IOHz.
(4) Measurements are made on a commer-
cial amplifier (with Z;n = 1 M) in order
to determine its equivalent input noise en
and in at 1 kHz. The amplifier's output
is passed through asharp-skirted filter of
bandwidth 100Hz: A 10µV input signal re-
sults in a 0.1 volt output. At this level the
amplifier's noise contribution is negligible.
With the input shorted, the noise output is
0.4mV rms. With the input open, the noise
output rises to SOmV rms. (a) Find en and
in for this amplifier at 1kHz. (b) Find the
noise figure of this amplifier at 1 kHz for
source resistances of 100 ohms, lOk, and
100k.
(S) Noise measurements are made on an
amplifier using a calibrated noise source
whose output impedance is 50 ohms.
The generator output must be raised to
2nV/Hz1~2 in order to double the output
noise power of the amplifier. What is
the amplifier's noise figure for a source
impedance of 50 ohms?
(6) The output noise voltage of a white
noise generator is measured with the cir-
cuit shown in Figure 7.83. At a particular
setting of the noise generator output level,
the ac voltmeter reads 1.5 volts "rms."
What is the noise generator's output noise
density (i.e., rms volts per root hertz)?
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BASIC LOGIC CONCEPTS

8.01 Digital versus analog

Thus far we have been dealing mainly

with circuits in which the input and
output voltages have varied over a range
of values: RC circuits, amplifiers, inte-

grators, rectifiers, op-amps, etc. This is
natural when dealing with signals

that are continuous (e.g., audio signals)

or continuously varying voltages from

measuring instruments (e.g., temperature-
reading or light-detecting devices, or

biological or chemical probes).
However, there are instances in which

the input signal is naturally discrete in
form, e.g., pulses from a particle detector,

or "bits" of data from a switch, keyboard,

or computer. In such cases the use of digi-
tal electronics (circuits that deal with data
made of 1's and 0's) is natural and conve-
nient. Furthermore, it is often desirable to

convert continuous (analog) data to digital

form, and vice versa (using D/A and A/D

converters), in order to perform calcula-

tions on the data with a calculator or com-

puter or to store large quantities of data

as numbers. In a typical situation a mi-
croprocessor or computer might monitor
signals from an experiment or industrial
process, control the experimental parame-
ters on the basis of the data obtained, and
store for future use the results collected or
computed while the experiment is running.
Another interesting example of the

power of digital techniques is the transmis-
sion of analog signals without degradation

by noise: An audio or video signal, for
instance, picks up "noise" while being
transmitted by cable or radio that can-
not be removed. If, instead, the signal is
converted to a series of numbers represent-
ing its amplitude at successive instants of
time, and these numbers are transmitted
as digital signals, the analog signal
reconstruction at the receiving end (done
with D/A converters) will be without error,
providing the noise level on the transmis-
sion channel isn't high enough to prevent
accurate recognition of 1's and 0's. This
technique, known as PCM (pulse-code
modulation), is particularly attractive
where a signal must pass through a
series of "repeaters," as in the case of

a transcontinental telephone call, since
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digital regeneration at each stage guaran-
tees noiseless transmission. The informa-
iioii aiiu ~iiciu~es Beni oack oy recent deep
space probes were done with PCM. Digital
audio is now commonplace in the home, in
the form of 12cm optical "compact discs"
(CDs); these store a piece of music in the
form of a stereo pair of 16-bit numbers
every 23 microseconds, 6 billion bits of
information in all.

In fact, digital hardware has become so
powerful that tasks that seem well suited to
analog techniques are often better solved
with digital methods. As an example, an
analog temperature meter might incorpo-
rate a microprocessor and memory in
order to improve accuracy by compen-
sating the instrument's departure from
perfect linearity. Because of the wide
availability of microprocessors, such ap-
plications are becoming commonplace.
Rather than attempt to enumerate what
can be done with digital electronics, let's
just start learning about it. Applications
will emerge naturally as we go along.

8.02 Logic states

By "digital electronics" we mean circuits
in which there are only two (usually) states
possible at any point, e.g., a transistor
that can either be in saturation or be
nonconducting. We usually choose to talk
about voltages rather than currents, calling
a level HIGH or LOW. The two states
can represent any of a variety of "bits"
(binary digits) of information, such as the
following:

one bit of a number
whether a switch is opened or closed
~~~hether a signal ie preacnt or absent
whether some analog level is above or

below some preset limit
whether or not some event has happened

yet
whether or not some action should be

taken
etc.

HIGH and LOW

The HIGH and LOW states represent the
TRUE and FALSE states of Boolean logic,
in some predefined way. If at some point
HIGH represents TRUE, that signal line
is called "positive true," and vice versa.
This can be confusing at first. Figure 8.1
shows an example. SWITCH CLOSED
is true when the output is LOW; that's a
negative-true signal ("LOW-true" might be
a better label, since no negative voltages
are involved), and you might label the
lead as shown (a bar over a symbol means
NOT; that line is HIGH when the switch
is not closed). Just remember that the
presence or absence of the negation bar
over the label tells whether the wire is
LOW or HIGH when the stated condition
(SWITCH CLOSED) is true.

+5V

1.Ok

SWITCH CLOSED

Figure 8.1

A digital circuit "knows" what a signal
represents by where it comes from, just
as an analog circuit might "know" what
the output of some op-amp represents.
However, added flexibility is possible in
digital circuits; sometimes the same signal
lines are used to carry different kinds
of information, or even to send it in
different directions, at different times. In
order to do this "multiplexing," additional
information must also be sent (address
bits, or status bits). You will see many
examples of this very useful ability later.
For now, imagine that any given circuit
is wired up to perform a predetermined
function and that it knows what that
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function is, where its inputs are coming

from, and where the outputs are going.

To lend a bit of confusion to a basically

simple situation, we introduce 1 and 0.
These symbols are used in Boolean logic
to mean TRUE and FALSE, respectively,

and are sometimes used in electronics
in exactly that way. Unfortunately, they

are also used in another way, in which

1 =HIGH and 0 =LOW! In this book we
will try to avoid any ambiguity by using

the word HIGH (or the symbol H) and the
word LOW (or the symbol L) to represent
logic states, a method that is in wide use
in the electronics industry. We will use 1

and 0 only in situations where there can be
no ambiguity.

Voltage range of HIGH and LOW

In digital circuitry, the voltage levels

corresponding to HIGH and LOW are

allowed to fall in some range. For example,
with high-speed CMOS ("HC") logic,

input voltages within about 1.5 volts of

ground are interpreted as LOW, while
voltages within 1.5 volts of the +S volt

supply are interpreted as HIGH. In fact,

typical LOW- and HIGH-state output
voltages are usually within a tenth of a volt

of 0 and +5 volts, respectively (the out-

put is a saturated MOS transistor to one

of the rails; see Fig. 8.17). This allows
for manufacturing spread, variations of the
circuits with temperature, loading, supply

voltage, etc., and the presence of "noise,"
the miscellaneous garbage that gets added
to the signal in its journey through the cir-

cuit (from capacitive coupling, external in-

terference, etc.). The circuit receiving the
signal decides if it is HIGH or LOW and

acts accordingly. As long as noise does not

change 1's to 0's, or vice versa, all is well,

and any noise is eliminated at each stage,
since "clean" 0's and 1's are regenerated.
In that sense digital electronics is noiseless

and perfect.

BASIC LOGIC CONCEPTS
8.03 Number codes

The term noise immunity is used to
describe the maximum noise level that
can be added to logic levels (in the worst
case) while still maintaining error-free
operation. For instance, TTL has 0.4 volt
noise immunity, since a TTL input is
guaranteed to interpret anything less
than +0.8 volt as LOW and anything
greater than +2.0 volts as HIGH, whereas
the worst-case output levels are +0.4 volt
and +2.4 volts, respectively (see the
accompanying box on logic levels). In
practice, noise immunity is considerably
better than this figure, with typical LOW
and HIGH voltages of +0.2 and +3.4 volts
and an input decision threshold near

+ 1.3 volts. But always remember that if
you are doing good circuit design, you use
worst-case values. It is worth keeping in
mind that different logic families have dif-
ferent amounts of noise immunity. CMOS
has greater voltage noise immunity than
TTL, whereas the speedy ECL family has
less. Of course, susceptibility to noise in
a digital system depends also on the am-
plitude of noise that is present, which in
turn depends on factors such as output-
stage stiffness, inductance in the ground
leads, the existence of long "bus" lines,
and output slew rates during logic transi-
tions (which produces transient currents,
and therefore voltage spikes on the ground
line, due to capacitive loading). We will
worry about some of these problems in
Sections 9.11-9.13.

8.03 Number codes

Most of the conditions we listed earlier
that can be represented by a digital level
are self-explanatory. How a digital level
can represent part of a number is a more
involved, and very interesting, question.

A decimal (base-10) number is simply
a string of integers that are understood to
multiply successive powers of 10, the indi-
vidual products then being added together.
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For instance,

137.06=1x102+3xt~1+7x7n°

+ 0 x 10-1 + 6 x 10-2

Ten symbols (0 through 9) are needed,
and the power of 10 each multiplies is
determined by its position relative to the
decimal point. If we want to represent a
number using two symbols only (0 and 1),
we use the binary, or base-2, number
system. Each 1 or 0 then multiplies a
successive power of 2. For instance,

11012=1x23+1x22+0x21+1x2°

=13io

The individual 1's and 0's are called "bits"
(binary digits). The subscript (always
given in base 10) tells what number system
we are using, and often it is essential
in order to avoid confusion, since the
symbols all look the same.
We convert a number from binary to

decimal by the method just described. To
convert the other way, we keep dividing
the number by 2, and write down the
remainders. To convert 1310 to binary,

13/2 = 6 remainder 1

6/2 = 3 remainder 0

3/2 = 1 remainder 1

1/2 = 0 remainder 1

from which 1310 = 11012. Note that the
answer comes out in the order LSB (least
significant bit) to MSB (most significant
bit).

Hexadecimal ("hex") representation

The binary number representation is the
natural choice for two-state systems
(although it is not the only way; you'll
see some others soon). Since the numbers
tend to get rather long, it is common to
write them in hexadecimal (base-16) rep-
resentation: Each position represents suc-
cessive powers of 16, with each hex symbol

having a value from 0 to 15. Since you
want a single symbol for each hex position,
the symbols A—r are assigned to the values
10-15. To write a binary number in hex-
adecimal, just group it in 4-bit groups,
beginning with the LSB, and write the
hexadecimal equivalent of each group:

70710 = 10110000112 (= 10110000112)

= 2C31s

Hexadecimal representation is well suited
to the popular "byte" (8-bit) organization
of computers, which are most often orga-
nized as 16-bit or 32-bit computer "words";
a word is then 2 or 4 bytes. An alphanu-
meric character (letter, number, or symbol)
is one byte. So in hexadecimal, each byte
is 2 hex digits, a 16-bit word is 4 hex digits,
etc.
For example, in the widely used ASCII

representation (more on that in Sec-
tion 10.19), lower-case "a" is ASCII value
01100001 (61 hex, which we will write
as 61H), "b" is 62H, etc. Thus the word
"nerd" could be stored in a pair of 16-
bit words, whose hex values are 6 E65H
and 7264H. As another example, the mem-
ory locations in a computer with 65,536
("64K") bytes of memory can be identified
by a 2-byte address, since 216 = 65,536;
the lowest address is OOOOH, the highest ad-
dress is FFFFH, the second half of memory
begins at 8000H, and the fourth quarter of
memory begins at COOOH.
You occasionally see "octal" (base-8)

notation, a relic of an earlier era when
computers used 12-bit and 36-bit words,
with 6-bit alphanumeric representation.
Although octal has the comfortable feature
of using only familiar symbols (0-7), it is
exlreuiely awkward when applied to byte-
organized words. Exercise 8.1 shows you
why.

EXERCISE 8.1
Begin by writing down the octal representation
for ASCII "a" and "b" using the hex values
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LOGIC LEVELS

The diagram shows the ranges of voltages that correspond to the two logic states (HIGH and LOW) for

the most popular families of digital logic. For each logic family it is necessary to specify legal values

of both output and input voltages corresponding to the two states HIGH and LOW. The shaded areas

above the line show the specified range of output voltages that a logic LOW or HIGH is guaranteed

to fall within, with the pair of arrows indicating typical output values (LOW, HIGH) encountered in

practice. The shaded areas below the line show the range of input voltages guaranteed to be

interpreted as LOW or HIGH, with the arrow indicating the typical logic threshold voltage, i.e., the

dividing line between LOW and HIGH. In all cases a logic HIGH is more positive than a logic LOW.

bipolar TTL

Vcc=+5±5%

0 1 2 3 4 5

HC

Voo= +5

0 1 2 3 4 5

HCT ~i I I I I r~`1
Voo = + 5

0 1 2 3 4 5

CMOS 14000, 74C)

Voo = + 5

0 1 2 3 4 5

Voo=+12

0 2 4 6 8 10 12

ECL 10,000

—5 —4 —3 —2 —1 0

The meanings of "minimum," "typical,"and "maximum," in electronic specifications are worth

a few words of explanation. Most simply, the manufacturer guarantees that the components will

fall in the range minimum-maximum, with many close to "typical." What this means is that typical

specifications are what you use when designing circuits; however, those circuits must work properly

over the whole range of specifications from minimum to maximum (the extremes of manufacturing

variability). Inparticular, awell-designed circuit must function under the worst possible combination

of minimum and maximum values. This is known as worst-case design, and it is essential for any

instrument produced from off-the-shelf (i.e., not specially selected) components.
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given earlier. Then write down the octal
representation of the 16-bit word formed by
ni ittinn thg twr~ hvtac fir "ah" tn~athar, \Alh~ wrc

the individual identities of the characters lost?
What is "ba" in octal? Now do the same things,
but using hexadecimal notation.

BCD

Another way to represent a number is to
encode each decimal digit into binary.
This is called BCD (binary-coded decimal),
and it requires a 4-bit group for each digit.
For instance,

13710 = 000100110111 (BCD)

Note that BCD representation is not the
same as binary representation, which in
this case would be 13710 = 100010012.
You can think of the bit positions (starting
from the right) as representing 1, 2, 4, 8,
10, 20, 40, 80, 100, 200, 400, 800, etc. It
is clear that BCD is wasteful of bits, since
each 4-bit group could represent numbers
0 through 15, but in BCD never represents
numbers greater than 9. However, BCD is
ideal, if you want to display a number in
decimal, since all you do is convert each
BCD character to the appropriate decimal
number and display it. (There are many
devices that do exactly this, e.g., a "BCD
decoder, driver, and display," which is a
little IC with a transparent top. You apply
logic levels for your BCD character, and
it lights up with the digit.) For this rea-
son, BCD is commonly used for input and
output of numeric information. Unfortu-
nately, the conversion between pure binary
and BCD is complicated, since each deci-
mal digit depends on the state of almost
every binary bit, and vice versa. Nev-
ertheless, binary arithmetic is so efficient
that most computers convert all input data
to binary, converting back only when data
need to be output. Think how much ef-
fort and bother would have been saved if
Homo sapiens had evolved with 8 (or 16)
fingers!

EXERCISE 8.2

Convert to decimal: (a) 1110101.01102,
;F~~ 11 r11~iQi~i..

.2~ 1~~ ~~H• v~iivcii iv

binary: (a) 102310, (b) 1023H. Convert to hex-
adecimal: (a) 102310, (b) 1011101011012,
(c) 6145310•

Signed numbers

Sign magnitude representation. Sooner
or later it becomes necessary to represent
negative numbers in binary, particularly in
devices where some computation is done.
The simplest method is to devote one bit
(the MSB, say) to the sign, with the remain-
ing bits representing the magnitude of the
number. This is called "sign magnitude
representation," and it corresponds to the
way signed numbers are ordinarily written
(see Table 8.1). It is used when numbers
are displayed, as well as in some A/D con-
version schemes. In general, it is not the
best method for representing signed num-
bers, particularly where some computation
is done, for several reasons: Computa-
tion is awkward; subtraction is different
from addition (i.e., addition doesn't
"work" for signed numbers). Also, there
can be two zeros (+0 and —0), so you
have to be careful to use only one of
them.

Offset binary representation. A second
method for representing signed numbers
is "offset binary," in which you subtract
half the largest possible number to get the
value represented (Table 8.1). This has the
advantage that the number sequence from
the most negative to the most positive is a
simple binary progression, which makes it
a natural for binary "counters." The MSB
still carries the sign information, and zero
appears only once. Offset binary is popular
in A/D and D/A conversions, but it is still
awkward for computation.

2's complement representation. The
method most widely used for integer
computation is called "2's complement."
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TABLE 8.1. 4-BIT SIGNED INTEGERS IN

THREE SYSTEMS OF REPRESENTATION

Sign- Offset
Integer magnitude binary 2's comp

+7 0111 1111 0111

+6 0110 1110 0110

+5 0101 1101 0101

+4 0100 1100 0100

+3 0011 1011 0011

+2 0010 1010 0010

+1 0001 1001 0001

0 0000 1000 0000
-1 1001 0111 1111
-2 1010 0110 1110
-3 1011 0101 1101
-4 1100 0100 1100
-5 1101 0011 1011
-6 1110 0010 1010

-7 1111 0001 1001
-8 - 0000 1000
(-0) 1000 -

In this system, positive numbers are rep-

resented as simple unsigned binary. The

system is rigged up so that a negative num-

ber is then simply represented as the

binary number you add to a positive

number of the same magnitude to get

zero. To form a negative number, first

complement each of the bits of the posi-

tive number (i.e., write 1 for 0, and vice

versa; this is called the "1's complement"),

then add 1 (that's the "2's complement").

As you can see from Table 8.1,

2's complement numbers are related to

offset binary numbers by having the

MSB complemented. As with the other

signed number representations, the MSB

carries the sign information. There's only

one zero, conveniently represented by all

bits 0 ("clearing" a counter or register sets

its value to zero).

Arithmetic in 2's complement

Arithmetic is simple in 2's complement.

To add two numbers, just add bitwise (with

carry), like this:

5 + (-2) : 0101 (+5)

1110 (-2)

0011 (+3)

To subtract B from A, take the 2's comple-

ment of B and add (i.e., add the negative):

2 — 5 : 0010 (+2)

1011 (-5) (+5 = 0101 : 1's
comp = 1010, so
2's comp = 1011)

1101 (-s)
Multiplication also "works right" in 2's

complement representation. Try the fol-

lowing exercise.

EXERCISE 8.3

Multiply+2 by -3 in 3-bit 2's complement binary

arithmetic. Hint: The answer is -6.

EXERCISE 8.4

Show that the 2's cornplement of -5 is +5.

Because the 2's complement system is

natural for computation, it is universally

used for integer arithmetic in computers

(note, however, that "floating point" num-

bers are usually represented in a form of

"sign magnitude," namely sign-exponent-

mantissa).

❑ Gray code

The following code is used for mechanical

shaft-angle encoders, among other things.

It is called a Gray code, and it has the

property that only one bit changes in

going from one state to the next. This

prevents errors, since there is no way

of guaranteeing that all bits will change

simultaneously at the boundary between

two encoded values. If straight binary

were used, it would be possible to generate

an output of 15 in going from 7 to 8,

for instance. Here is a simple rule for
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generating Gray-code states: Begin with a
state of all zeros. To get to the next state,
always change the cinvlP 1Pact cianifirant
bit that brings you to a new state.
0000
0001
0011
0010
0110
0111
0101
0100
1 100
1 101
1 111
1 110
1010
1011
1001
1000

Gray codes can be generated with any
number of bits. They find use also in "par-
allel encoding," a technique of high-speed
A/D conversion that you will see later. We
will talk about translation between Gray-
code and binary-code representations in
the next section.

8.04 Gates and truth tables

Combinational versus sequential logic

In digital electronics the name of the
game is generating digital outputs from
digital inputs. For instance, an adder
might take two 16-bit numbers as inputs
and generate a 16-bit (plus carry) sum.
Or you might build a circuit to multiply
two numbers. These are the kinds of
operations a computer's processing unit
should be able to do. Another task
might be to compare two numbers to see
which is larger or to compare a set of
inputs with the desired input to make
sure that "all systems are go." Or you
might want to attach a "parity bit" to
a number to make the total number of
1's even, say, before transmission over
a data link; then the parity could be

checked on receipt as a simple check of
correct transmission. Another typical task
?$ t~ t.~..~:P. ~.~.iii.A. 11 ~1i111h11i1J i+nYiijjiu lit

binary and display, print, or punch them
as decimal characters. All of these are
tasks in which the output or outputs are
predetermined functions of the input or
inputs. As a class, they are known as
"combinational" tasks. They can all be
performed with devices called gates, which
perform the operations of Boolean algebra
applied to two-state (binary) systems.
There is a second class of problems that

cannot be solved by forming a combina-
tional function of the inputs alone, but
require knowledge of past inputs as well.
Their solution requires the use of "sequen-
tial" networks. Typical tasks of this type
might be converting a string of bits in serial
form (one after another) into a parallel set
of bits, or keeping count of the number of
1's in a sequence, or recognizing a certain
pattern in a sequence, or giving one output
pulse for each four input pulses. All these
tasks require digital memory of some sort.
The basic device here is the "flip-flop" (the
fancy name is "bistable multivibrator").
We will begin with gates and combina-

tional logic, since they're basic to every-
thing. Digital life will become more inter-
esting when we get to sequential devices,
but there will be no lack of fun and games
with gates alone.

OR gate

The output of an OR gate is HIGH if
either input (or both) is HIGH. This can
be expressed in a "truth table," as shown
in Figure 8.2. The gate illustrated is a
2-input OR gate. In general, gates can
have any number of inputs, but the stan-
dard packages usually contain four 2-input
gates, three 3-input gates, or two 4-input
gates. For instance, a 4-input OR gate
will have a HIGH output if any one input
(or more) is HIGH.
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The Boolean symbol for OR is +

"A OR B" is written A + B.

A

~

Q
B

OR

inputs output

A B Q

0 0 0

0 1 1

1 0 1

~ i i

Figure 8.2

AND gate

The output of an AND gate is HIGH only

if both inputs are HIGH. The logic symbol

and truth table are as shown in Figure 8.3.

As with OR gates, AND gates are available

with 3 or 4 (sometimes more) inputs. For

instance, an 8-input AND gate will have a

HIGH output only if all inputs are HIGH.

A~Q
8

AND

inputs I output

0 0 0
o i o
t o 0

1 1 1

Figure 8.3

The Boolean symbol for AND is a dot

(•); this can be omitted, and usually is.

"A AND B" is written A • B, or simply

AB.

Inverter (the NOT function)

Frequently we need the complement of

a logic level. That is the function of

BASIC LOGIC CONCEPTS
8.04 Gates and truth tables

an inverter, a "gate" with only one input
(Fig. 8.4).

A~Q

INVERT

A Q

0 1

1 0

Figure 8.4

The Boolean symbol for NOT is a bar

over the symbol, or sometimes a prime

symbol. "NOT A" is written A, or A'.

For the convenience of typesetters, the

symbols /, *, —, and ' are often used,

in place of the overbar, to indicate NOT;

thus, "NOT A" might be written as any

of the following: A', —A, *A, /A, A*, A/.

A given document will usually pick one

of these alternatives and stick with it

throughout. We have chosen the form A'

for this book.

NAND and NOR

The INVERT function can be combined

with gates, forming NAND and NOR

(Fig. 8.5). These are actually more popular

than AND and OR, as you will see shortly.

e Q B~c Q

NAND NOR

A B Q A 8 Q

0 o i o o i
o f i o f o
i o ~ i o 0
1 1 0 1 1 0

Figure 8.5

Exclusive-OR

Exclusive-OR is an interesting function,

although less fundamental than AND and

479
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OR (Fig. 8.6). The output of an exclusive-
OR gate is HIGH if one or the other (but
not hnthl inrnit is HT(:N !it nP.,Pr h~~ m~~~. - r - ~--
than two inputs). Another way to say it
is that the output is HIGH if the inputs
are different. The exclusive-OR gate is
identical with modulo-2 addition of two
bits.

A

~
Q

8

XOR

A B Q

0 0 0

0 1 1

1 0 1

1 1 0

Figure 8.6

EXERCISE 8.5
Show how to use the exclusive-OR gate as an
"optional inverter," i.e., it inverts an input signal
or buffers it without inversion, depending on the
level at a control input.

EXERCISE 8.6

Verify that the circuits in Figure 8.7 convert
binary code to Gray code, and vice versa.

❑ 8.05 Discrete circuits for gates

Before going on to discuss gate applica-
tions, let's see how to make gates from
discrete components. Figure 8.8 shows a
diode AND gate. If either input is held
LOW, the output is LOW. The output can
go HIGH only when both inputs go HIGH.
This circuit has many disadvantages. In
particular: (a) Its LOW output is a diode
drop above the signal holding the input
LOW. Obviously you couldn't use very
many of these in a row! (b) There is
no "fanout" (the ability of one output to

binary

MSB b~

b2

b ~

lS6 bo

A

Gray

MSB 9~

9z

9 i

90

Gray

93

92

s,

90

binary

b3

b2

b ~

bo

e

Figure 8.7. Parallel code converters: binary to
Gray and Gray to binary.

+~~~

1.Ok
D ~

A

Oz Q

B

Figure 8.8

drive several inputs), since any load at the
output is seen by the signal at the input.
(c) It is slow, because of resistive pull-
up. As a general rule, you cannot do as
well with logic constructed from dis-
crete components as with IC logic. Part
of the superiority of IC logic lies in
the use of special techniques (e.g., ion
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implantation) to achieve excellent per-

formance.
Figure 8.9 shows the simplest form of

transistor NOR gate. This circuit was

used in the family of logic known as

RTL (resistor-transistor logic), which was

popular in the 1960s because of its low

price, but is now obsolete. A HIGH at

either input (or both) turns on at least

one transistor, pulling the output LOW.

Since this gate is intrinsically inverting,

you would have to add an inverter, as

shown, to make an OR gate.

Although the discrete gate circuits just

illustrated are simple to understand, you

wouldn't use them in practice because of

their disadvantages. In fact, except in rare

circumstances you would never construct

gates (or any other logic) from discrete

components, since a full range of excel-

lent logic is available as inexpensive and

compact integrated circuits, as we will see

shortly. Currently the most popular IC

logic circuits are built with complemen-

tary MOSFETs ("CMOs"). Look back at

Figure 3.59 to remind yourself how you

would make a CMOs NAND gate.

8.06 Gate circuit example

Let's work out a circuit to perform the

logic we gave as an example in Chapters

+v~~

A

8

FB

BASIC LOGIC CONCEPTS

8.06 Gate circuit example

1 and 2: the task to sound a buzzer if

either car door is open and the driver

is seated. The answer is obvious if you

restate the problem as "output HIGH if

either the left door OR the right door

is open, AND driver is seated," i.e.,

Q = (L -I- R)S. Figure 8.10 shows it with

gates. The output of the OR gate is HIGH

if one OR the other door (or both) is open.

If that is so, AND the driver is seated, Q

goes HIGH. With an additional transistor,

this could be made to sound a buzzer or

close a relay.
In practice, the switches generating the

inputs will probably close a circuit to

ground, to save extra wiring (there are

additional reasons, particularly in the case

of the popular TTL logic, and we will

get to them shortly). This means that

the inputs will go LOW when a door is

opened, for example. In other words, we

have "negative-true" inputs. Let's rework

the example with this in mind, calling the

inputs L', R', and S'.
First, we need to know if either door

input (L', R') is LOW; i.e., we must distin-

guish the state "both inputs HIGH" from

all others. That's an AND gate. So we

make L' and R' the inputs to an AND gate.

The output will be LOW if either input is

LOW; call that EITHER. Now we need

to know when EITHER' is LOW and S'

+v~~

A+8

Add inverter to make OR gate

481

Figure 8.9
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L

R ~ Q

S

Figure 8.10

is LOW; i.e., we must distinguish the state
"both inputs LOW" from all others. ThaYs
an OR gate. Figure 8.11 shows the circuit.
We have used a NOR gate, instead of an
OR gate, to get the same output as ear-
lier: QHIGH when the desired condition
is present. Something strange seems to be
going on here, though. We have used AND
instead of OR (and vice versa), as com-
pared with the earlier circuit. Section 8.07
should clarify the matter. First, consider
the following exercise.

~ EITHER

R ~- Q

S

Figure 8.11

EXERCISE 8.7
What do the circuits shown in Figure 8.12 do?

Gate interchangeability

When designing digital circuits, keep in
mind that it is possible to form one kind
of gate from another. For example, if
you need an AND gate, and you have
half of a 7400 available (quad 2-input
NAND), you can substitute as shown in
Figure 8.13. The second NAND functions
as an inverter, making AND. The following
exercises should help you explore this
idea.

EXERCISE 8.8
Using 2-input gates, show how to make
(a) INVERT from NOR, (b) OR from NORs, and
(c) OR from NANDs.

+(HIGH)

~ = D

+THIGH)

E _ F

Figure 8.12

Figure 8.13

EXERCISE 8.9
Show how to make (a) a 3-input AND from
2-input ANDs, (b) a 3-input OR from 2-input
ORs, (c) 3-input NOR from 2-input NORs, and
(d) a 3-input AND from 2-input NANDs.

In general, multiple use of one kind of
inverting gate (e.g., NAND) is enough to
make any combinational function. How-
ever, this isn't true for a noninverting gate,
since there's no way to make INVERT.
This probably accounts for the greater pop-
ularity of NAND and NOR in logic de-
sign.

8.07 Assertion-level logic notation

An AND gate has a HIGH output if both
inputs are HIGH. So, if HIGH means
"true," you get a true output only if all
inputs are true. In other words, with
positive-true logic, an AND gate performs
the AND function. The same holds for
OR.
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What happens if LOW means "true," as

in the last example? An AND gate gives a

LOW if either input is true (LOW): It's an

OR function! Similarly an OR gate gives

a LOW only if both inputs are true

(LOW). It's an AND function! Very con-

fusing.
There are two ways to handle this

problem. The first way is to think through

any digital design problem as we did

earlier, choosing the kind of gate that gives

the needed output. For instance, if you

need to know if any of three inputs is

LOW, use a 3-input NAND gate. This

method is still used by some misguided

designers. When designing this way, you

would draw a NAND gate, even though

the gate is performing a NOR function

on the (negative-true) inputs. You would

probably label the inputs as in Figure 8.14.

In this example, CLEAR, MR' (master

reset), and RESET' might be negative-true

levels coming from various places in a

circuit. The output, CLR, is positive-true

and will go to the devices that are to be

cleared if any of the reset signals goes LOW

(true).

RESET fL

MR ~ CLR
CLEAR

Figure 8.14

The second way to handle the problem

of negative-true signals is to use "assertion-

level logic." If a gate performs an OR

function on negative-true inputs, draw it

that way, as in Figure 8.15. The 3-

input OR gate with negated inputs is

functionally identical with the preceding

3-input NAND. That equivalence turns

out to be an important logical identity, as

stated in DeMorgan's theorem, and we will

spell out a number of such useful identities

shortly. For now, it is enough to know

that you can change AND to OR (and

BASIC LOGIC CONCEPTS
8.07 Assertion-level logic notation

RESET ~_

M R --C

CLEAR -~ 
CLR

Figure 8.15

vice versa) if you negate the output and

all inputs (see Table 8.2). Assertion-level

logic looks forbidding at first, because of

the proliferation of funny-looking gates.

It is better, though, because the logical

functions of the gates in the circuit stand

out clearly. You'll find it "friendly" after

you've used it for a while, and you won't

want to use anything else. Let's rework

the car door example again with assertion-

level logic (Fig. 8.16). The gate on the

left determines if L or R is true, i.e.,

LOW, giving anegative-true output. The

second gate gives a HIGH output if both

(L + R) and S are true, i.e., LOW. From

DeMorgan's theorem (after a while you

won't even need that, you'll recognize

these gates as equivalent) the first gate

is AND, the second is NOR, just as in

the circuit drawn earlier. Two important

points:
1. Negative-true doesn't mean that the

logic levels are negative polarity. It means

that the lower of the two states (LOW)

stands for TRUE.
2. The symbol used to draw the gate itself

assumes positive-true logic. A NAND

gate used as an OR for negative-true

signals can be drawn as a NAND or,

using assertion-level logic, as an OR with

negation symbols (little circles) at the

inputs. In the latter case you think

of the circles as indicating inversion of

the input signals, followed by an OR

gate operating on positive-true logic as

originally defined.

~

~y 

L+R Q

s

Figure 8.16
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TABLE 8.2

Name

COMMON GATES IN THE TTL AND CMOS FAMILIES

Npoa~~~o

true
Expression Symbol symbol Type

~i~

Pef
chip 40006

CMOS

Part number

~4xx ~ ALS AS F LS C ACCT) HCIT)

AND AB —('--~ ~ 2-input 4 4081 7408 ✓ ✓ ✓ ✓ ✓ ✓ ✓
~—~ 3-input 3 4073 7411 ✓ ✓ ✓ ✓ ✓ ✓

4-input 2 4082 7421 ✓ ✓ ✓ ✓ ✓
NAND AB ~ ~ 2-input 4 4011 7400 ✓ ✓ ✓ ✓ ✓ •~

3-input 3 4023 7410 ✓ ✓ ✓ ✓ ✓ ✓ ~
4-input 2 4012 7420 ✓ ✓ ✓ ✓ ✓ ✓ ✓
8-input 1 4068 7430 ✓ ✓ ✓ ✓ ✓ ✓
13-input 1 — 74133 ✓ ✓ r

OR A + B —jam ~ 2-input 4 4071 7432 ✓ ✓ ✓ ~ ✓ ✓
~ 3-input 3 4075 —

4-input 2 4072 74802 ✓
NOR A + B ~ ~ 2-input 4 4001 7402 ✓ ✓ ✓ ✓ ✓ ✓

3-input 3 4025 7427 ✓ ✓ ✓ ✓
4-input 2 4002 7425 ✓
5-input 2 — 74260 r ✓
8-input 1 4078 —

INVERT A _.~\~ ~ 6 4069/4049 7404 ✓ ✓ ✓ ✓ ✓ ✓ ✓V 8 74240 ✓ r v ✓

BUFFER A ~ ,J~_ _ 6 4503/4050 74365 ✓ ✓ ✓ ✓ ✓
~/~r 8 74241/244 ~

(-54V-544) ~ ° ✓ ~ ✓

XOR A~ 8 ~ ~ 2-input 4 4070 7486/386 ✓ ~ ✓ ~ r
(— 135)

XNOR A ~ B ~ —j~~~ 2-input 4 4077 74266 ✓ ✓
—}L~ (— 135)

A01 2-2-input 2 4085 7450/51 ~ ✓ ✓
2-2-2-2-input 1 4086 7453/54

Postscript: Logical AND and OR
shouldn't be confused with the legal equiv-
alents. The weighty legal tome known as
Words and Phrases has over 40 pages of
situations in which AND can be construed
as OR. For example: "OR will be construed
AND, and AND will be construed OR, as
the necessities of the case may require...."
This isn't the same as DeMorgan's theo-
rem!

circuits offering an enormous variety of
functions in both families. These fami-
lies should satisfy your needs for all dig-
ital design, with the exceptions of some
large-scale integration (LSI), which uses ei-
ther CMOS or NMOS logic, and ultra-
high-speed logic, where GaAs devices and
emitter-coupled logic (ECL) reign supreme.
Throughout the rest of the book we will
rely heavily on these families.

TTL AND CMOS

TTL (transistor-transistor logic) and
CMOS (complementary MOS) are the two
most popular logic families in current use,
with at least 10 manufacturers of integrated

8.08 Catalog of common gates

Table 8.2 shows the common gates you
can get in the TTL and CMOS families
of digital logic. Each gate is drawn in
its normal (positive-true) incarnation, and
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also the way it looks for negative-true logic.

The last entry in the table is an AND-

OR-INVERT gate, sometimes abbreviated

AOI.
A word of explanation: Digital logic

is available in 10 popular subfamilies

(CMOs: 4000B, 74C, 74HC, 74HCT,

74AC, 74ACT; and TTL: 74LS, 74ALS,

74AS, 74F), all offering the same functions

and with a pretty good degree of compati-

bility between them. The differences have

to do with speed, power dissipation, out-

put drive capability, and logic levels (see

Sections 8.09 and 9.02). The best type

for most applications is currently "high-

speed CMOs," specified by adding the let-

ters HC after the digits 74, e.g., 74HC00.

Where compatibility with existing bipolar

TTL is required, however, you should use

the HCT (or possibly LS) subfamily. For

simplicity we will routinely omit such let-

ters (and the 74- prefix) in this book, indi-

cating digital IC types with an apostrophe,

e.g., '00 fora 2-input NAND. Note that the

original TTL ("7400 family" — no letters

after the "74") is obsolete. We'll describe

the interesting history of these families in

Section 9.01.

8.09 IC gate circuits

Although a NAND gate, for instance,

performs identical logic operations in the

various TTL and CMOs versions, the logic

levels and other characteristics (speed,

power, input current, etc.) are quite

different. In general, you have to be

careful when mixing logic family types.

To understand the differences, look at the

schematics of a NAND gate in Figure 8.17.

The CMOS gate is constructed from

enhancement-mode MOSFETs of both

polarities, connected as switches rather

than followers. An ON FET looks like a

low resistance to whichever supply rail

it is connected. Both inputs must be HIGH

to turn on the series pair Q3Q4 and to turn

off both of the pull-up transistors Q1Qz•
That produces a LOW at the output, i.e., it

TTL AND CMOS
8.09 IC gate circuits

V~~ +5V

a

Figure 8.17. A. LS TTL NAND gate.
B. CMOS AND gate.

a

is a NAND gate. Q5 and Q6 constitute the

standard CMOs inverter, to generate an

AND gate. From this example it should be

evident how to generalize to AND, NAND,

OR, and NOR with any number of inputs.

EXERCISE 8.10
Draw the circuit of a 3-input CMOs OR gate.

The bipolar LS (low-power Schottky)

TTL NAND basically consists of the diode-

resistor logic of Figure 8.8 driving a

transistor inverter followed by a push-pull

485
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output. If both inputs are HIGH, the 20k
resistor holds Qi on, thus producing a
T OW ni~tntit by catiirat~nc Q4 »?7(~ Sh Ut~:::b
off Darlington QZQ3. If at least one input
is LOW, Q1 is held off, thus producing a
HIGH output by follower action of Q2Q3
combined with Q4 being held off. Schottky
diodes and Schottky-clamped transistors
are used throughout for enhanced speed.
Note that both CMOS and bipolar TTL

gates have an output circuit with "active
pullup" to the positive supply rail, unlike
our discrete gate examples.

8.10 TTL and CMOS characteristics

Let's compare family characteristics:

Supply voltage. The bipolar TTL fami-
lies require +5 volts, f5%, whereas the
CMOS families have a wider range: +2 to
+6 volts for HC and AC, +3 to +15 volts
for 4000B and 74C. The HCT and ACT
CMOS families, designed for compatibil-
ity with bipolar TTL (see below), require
+5 volts.
Input. A TTL input held in the LOW
state sources current into whatever drives
it (0.25mA typ for LS), so to pull it LOW
you must sink current. Since the TTL
output circuit (a saturated npn transition)
is good at sinking current, this presents no
problem when TTL logic is wired together,
but you must keep it in mind when driving
TTL with other circuitry. By contrast,
CMOS has no input current.

The TTL input logic threshold is about
two diode drops above ground (about
1.3V), whereas most CMOS families have
their threshold nominally at half the sup-
ply voltage (though with considerable
spread, typically 1/3 to 2/3 the supply
voltage). The HCT and ACT CMOS fami-
lies are designed with a low threshold sim-
ilar to bipolar TTL for compatibility, since
a bipolar TTL output does not swing all
the way to +5 volts (see below).

CMOS inputs are susceptible to damage
from static electricity during handling. In
bath fa.:.ili~s, u:.uscd ~;~pLli`.~ ~Y1Vli1C1 UC L1CU
HIGH or LOW, as necessary (more on this
later).

Output. The TTL output stage is a sat-
urated transistor to ground in the LOW
state, and a (Darlington) follower in the
HIGH state (two diode drops below V+).
For all CMOS families (including HCT
and ACT) the output is a turned-on
MOSFET, either to ground or to V+; i.e.,
rail-to-rail output swings. In general, the
faster families (F, AS; AC, ACT) have
greater output drive capability than the
slower families (LS; 4000B, 74C, HC,
HCT).

Speed and power. The bipolar TTL families
consume considerable quiescent current,
more for the faster families (AS and F);
the corresponding speeds go from about
25MHz (for LS) to about 100MHz (for AS
and F). All CMOS families consume zero
quiescent current. However, their power
consumption rises linearly with increasing
frequency (switching capacitive loads re-
quires current), and CMOS operated near
its upper frequency limit often dissipates
as much power as the equivalent bipo-
lar TTL family (Fig. 8.18). The speed
range of CMOS goes from about 2MHz
(for 4000B/74C at SV) to about 100MHz
(for AC/ACT).

In general, the nice characteristics of
CMOS (zero quiescent current, rail-to-rail
output swings, good noise immunity) make
it the logic of choice, and we recommend
the HC family for most new designs.
However, for greater speed, use AC; for
wide supply range where high speed is
not needed, use 74C or 4000B; use HCT
(or perhaps LS) for compatibility with
bipolar TTL outputs, unless you need
the speed of ACT (or AS or F). In some
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0

N

a

frequency (Hz)

Figure 8.18. Gate power dissipation versus

frequency.

high-density applications (memory, micro-

processor), NMOS devices are preferred,

in spite of their relatively high power dis-

sipation. And for the highest-speed appli-

cations (above 100MHz) you are forced to

use either ECL, which goes up to about

SOOMHz, or logic based on GaAs, which is

usable to about 4GHz. See Section 14.15

and Table 9.1 for further discussion of

CMOS logic families.

Within any one logic family, outputs

are designed to drive other inputs easily,

so you don't often have to worry about

thresholds, input current, etc. For instance,

with TTL or CMOS, any output can drive

at least 10 other inputs (the official term

for this is fanout: TTL has a fanout of 10),

so you don't have to do anything special

to ensure compatibility. In the next chap-

ter we will go into the issue of interfacing

between logic families and between logic

circuits and the outside world.

8.11 Three-state and open-collector

devices

The TTL and CMOS gates we have just

discussed have push-pull output circuits:

The output is held either HIGH or LOW

by an ON transistor or MOSFET. Nearly

all digital logic uses this sort of circuit

(called active pullup; in TTL it's also

called a totem-pole output) because it

provides low output impedance in both

states, giving faster switching time and

better noise immunity, as compared with

an alternative such as a single transistor

with passive collector pullup resistor. In

the case of CMOS, it also results in lower

power dissipation.
However, there are a few situations for

which active pullup output is unsuitable.

As an example, imagine a computer system

in which several functional units have

to exchange data. The central processor

(CPU), memory, and various peripherals

all need to be able to send and receive 16-

bit words. It would be awkward (to put

it mildly) to have separate 16-wire cables

connecting each device to all others. The

solution is the so-called data bus, a single

set of 16 wires accessible to all devices.

It's like a telephone party line: Only one

device at a time may "talk" (assert data),

but all may "listen" (receive data). With

a bus system there must be agreement as

to who may talk, and words like "bus

arbitrator," "bus master," and "control

bus" pop up.
You can't use gates (or any other de-

vices) with active pullup outputs to drive

a bus, since you couldn't disconnect your

output from the shared data lines (you're

holding it either HIGH or LOW at all

times). What's needed is a gate whose

output can be "open." Such devices are

available, and they come in two varieties,

"three-state devices" and "open-collector

devices."

Three-state logic

Three-state logic, also called TRI-STATE

logic (a trademark of National Semicon-

ductor Corporation, who invented it),

provides an elegant solution. The name

is misleading; it is not digital logic with

three voltage levels. It's just ordinary logic,

100 tk 10k 100k 1M 10M 100M
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with a third output state: open circuit
(Fig. 8.19). A separate enable input de-
ti.viiiuiai.$ vYii\.Llilil ilii. Vlil~Jl.11 VGIIQVGJ 11KC

an ordinary active pullup output or goes
into the "third" (open) state, regardless of
the logic levels present at the other inputs.
Three-state outputs are available on many
digital chips, including counters, latches,
registers, etc., as well as on gates and in-
verters. A device with three-state output
behaves exactly like ordinary active pullup
logic when enabled, always driving its out-
put either HIGH or LOW; when disabled,
it effectively disconnects its output, so an-
other logic device can drive the same line.
Let's look at an example.

A look ahead: data buses

Three-state drivers are widely used to
drive computer data buses. Every device
(memory, peripherals, etc.) that needs to
put data on the (shared) bus ties onto it
with three-state gates (or more complex
functions such as "registers"). Things are
cleverly arranged so that at most one
device has its drivers enabled at any
instant, all other devices being disabled
into the open (third) state. In a typical
situation the selected device "knows" to
assert data onto the bus by recognizing its
particular address on a set of address and
control lines (Fig. 8.20). In this simplified

LOW
♦-output HIGH

~ OPEN

DISABLE

Figure 8.19. Three-state CMOS NAND gate.
A. Conceptual diagram.
B. Realization with internal CMOS gates.

case the device is wired as port 6: It looks
at address lines Ao—AZ and asserts data
onio Baia bus llo through IJ3 when it
sees its particular address (i.e., 6) on the
address lines and it sees a READ pulse.
Such a bus protocol is adequate for many
simple systems. Something like this is used
in most microcomputers, as you will see in
Chapters 10 and 11.
Note that there must be some external

logic to make sure that three-state devices
sharing the same output lines don't try to
talk at the same time (that undesirable con-
dition is officially called "bus contention").
In this case all is well as long as each device
responds to a unique address.

Open-collector logic

The predecessor to three-state logic was
"open-collector" logic, which allows you
to share a single line among the outputs
of several drivers. An open-collector
(or open-drain) output simply omits the
active pullup transistor of the output stage
(Fig. 8.21). The name "open-collector" is
a good one. When you use such gates,
you must supply an external pullup resistor
somewhere. Its value isn't critical; a small-
value resistor gives increased speed and
improved noise immunity, at the expense
of increased power dissipation and loading

DISABLE
(=ENABLE)
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data

adr

read Z

Figure 8.20. Data bus.

Figure 8.21. LS TTL open-collector NAND.

of the driver. Values of a few hundred

to a few thousand ohms are typical. If

you wanted to drive a bus with open-

collector gates, you would substitute

data to be sent onto bus

control (read)

2-input open-collector NANDs for the

three-state drivers of Figure 8.20, bringing

one input of each gate HIGH to enable the

gates onto the bus; note that the data then

asserted onto the bus are inverted. Each

bus line would need a resistive pullup to

+5 volts.
The disadvantage of open-collector

logic is that speed and noise immunity are

degraded, when compared with logic

constructed with active pullup devices,

because of the resistive pullup circuit.

That's why three-state drivers are nearly

universally favored for computer bus

applications. However, there are three

situations in which you would choose

open-collector (or open-drain) devices:

driving external loads, "wired-OR," and

external buses. Let's look at them briefly.

~Q
of

Driving external loads

Open-collector logic is good for driving

external loads that are returned to a

higher-voltage positive supply. You might

data 3 data2 data 1 data 0
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want to drive a loes-current lamp that
requires 12 volts, or perhaps just generate
~. : ~ Vvii iv~i~ S'v`.'iii~ u"y" iuiiiiiii~ a ic~i~`LVi

from a gate's output to + 15 volts, as in
Figure 8.22. For example, the '06 is an
open-collector hex inverter with 30 volt
breakdown rating, and the CMOS 40107 is
a dual-NAND open-drain buffer with up to
120mA sink capability. The 75450 series
of "dual peripheral drivers" can sink up to
300mA from loads returned to +30 volts,
and the UHP/UDN series from Sprague
extends this to more than 1 amp and 80
volts. More on these subjects in the next
chapter.

+15

~_~— +~ sv
ground

Figure 8.22

Wired-OR

If you wire together some open-collector
gates as shown in Figure 8.23, you get
what's called "wired-OR" —the combina-
tion behaves in this case like a larger NOR
gate, with the output going LOW if any in-
put is HIGH. You can't do this with active
pullup outputs, because there would be a
contest of wills, if all the gates didn't agree
on what the output should be. You can
combine NORs, NANDs, etc., with this
kind of connection, and the output will
be LOW if any gate asserts a LOW out-
put. This connection is sometimes called
"wired-AND," since the output is H1CJH
only if all gates have HIGH (open) outputs.
Both names are describing the same thing:
It's wired-AND for positive-true logic and
wired-OR for negative-true logic. This will
make more sense to you after you've seen
DeMorgan's theorem, in the next section.

+5V

(A+g+C+D+E+F)

Wired-OR enjoyed some brief popular-
ity in the early days of digital electronics,
but it is not much used today, with two ex-
ceptions: (a) In the family of logic known
as ECL (emitter-coupled logic) the outputs
are what you might call "open-emitter,"
and can be wired-OR'ed painlessly, and
(b) there are some shared lines in computer
buses (most notably the line called inter-
rupt) whose function is not to transfer data
bits, but merely to indicate if at least one
device is requesting attention; in that case
you use wired-OR, since it does what you
want and doesn't require external logic to
prevent contention.

External buses

Where speed is not too important, you
sometimes see open-collector drivers used
to drive buses. This is often the case for
buses that carry data out of computers;
common examples are the buses used to
connect to computer disk drives, and the
IEEE-488 (also called "HPIB" or "GPIB")
instrument bus. More on this in Chapters
10 and 11.

COMBINATIONAL LOGIC

As we discussed earlier in Section 8.04,
digital logic can be divided into combina-
tional and sequential. Combinational cir-
cuits are those in which the output state

Figure 8.23. Wired-OR.
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depends only on the present input states

in some predetermined fashion, whereas

in sequential circuits the output state de-

pends both on the input states and on

the previous history. Combinational cir-

cuits can be constructed with gates alone,

whereas sequential circuits require some

form of memory (flip-flops). In these sec-

tions we will explore the possibilities of

combinational logic before entering the

turbulent world of sequential circuits.

8.12 Logic identities

No discussion of combinational logic is

complete without the identities shown in

Table 8.3. Most of these are obvious. The

last two compose DeMorgan's theorem,

the most important for circuit design.

TABLE 8.3. LOGIC IDENTITIES

ABC = (AB)C = A(BC)

AB = BA

AA=A

Al =A

A0=0

A(B+C) = AB + AC

A +AB=A

A +BC=(A+B)(A+C)

A +B+C=(A+8)+C=A+(B+C)

A +8=8+A

A +A=A

A +1 =1

A +O=A

1'=0

0'=1

A +A'=1

AA' = 0

(A)'=A

A +A'8=A+8

Example: exclusive-OR gate

We will illustrate the use of the identities

with an example: making the exclusive-

COMBINATIONAL LOGIC
8.12 Logic identities

OR function from ordinary gates. Fig-

ure 8.24 shows the XOR truth table. From

studying this, and by realizing that the out-

put is 1 only when (A, B) _ (0,1) or (1,0),

we can write

. ~~ ,, ,,

from which we have the realization shown

in Figure 8.25. However, this realization

is not unique. Applying the identities, we

find

AFB=AA+AB+BA+BB

(AA=BB=O)

= A(A + B) + B(A + B)

= A(A B) + B(A B)

_ (A + B)(A B)

a e apa

0 0 0

o t t

1 o t

~ ~ o

Figure 8.24. XOR.

A

AQ+ B

(In the first step we used the trick

of adding two quantities that equal zero;

in the third step we used DeMorgan's

theorem.) This has the realization shown

in Figure 8.26. There are still other ways

to construct XOR. Consider the following

exercise.

491

Figure 8.25. XOR realization.
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AOB

output is to be 1 if at least two of the inputs
are 1.

Step 1. Make a truth table:

EXERCISE 8.11

Show that

AFB=AB+AB

A~ B = (A+ B)(A+B)

by logic manipulation. You should be able
to convince yourself that these are true by
inspection of the truth table, combined with
suitable hand-waving.

EXERCISE 8.12
What are the following: (a) 0 1, (b) 0 + 1,
(c) 1 1, (d) 1 + 1, (e) A(A + B),
(f) A(A~ + B), (g) A XOR A, (h) A XOR A~ ?

8.13 Minimization and Karnaugh maps

Since a realization of a logic function
(even one as simple as exclusive-OR) isn't
unique, it is often desirable to find the
simplest, or perhaps most conveniently
constructed, circuit for a given function.
Many good minds have worked on this
problem, and there are several methods
available, including algebraic techniques
that can be coded to run on a computer.
For problems with four or fewer inputs, a
Karnaugh map provides one of the nicest
methods; it also enables you to find a logic
expression (if you don't know it) once you
can write down the truth table.
We will illustrate the method with an

example. Suppose you want to generate a
logic circuit to count votes. Imagine that
you have three positive-true inputs (each
either 1 or 0) and an output (0 or 1). The

0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 0
1 0 1 1
1 1 0 1
1 1 1 1

All possible permutations must be repre-
sented, with corresponding output(s).
Write an X (_ "don't care") if either out-
put state is OK.

Step 2. Make a Karnaugh map. This is
somewhat akin to a truth table, but the
variables are represented along two axes.
Furthermore, they are arranged in such
a way that only one input bit changes
in going from one square to an adjacent
square (Fig. 8.27).

C AB 00 O1 11 10 ~ note order

sae
0 0 o i o

i o ~ i i

ec Ac

Figure 8.27. Karnaugh map.

Step 3. Identify on the map groups of
1's (alternatively, you could use groups
of 0's): The three blobs enclose the logic
expressions AB, AC, and BC. Finally,
read off the required function, in this case

Q=AB+AC+BC

with the realization shown in Figure 8.28.
The result seems obvious, in retrospect.
We could have read off the pattern of 0's
to get instead

Q' = A'B' + A'C' + B'C'

Figure 8.26. XOR realization.
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which might be useful if the complements
A', B', and C' already exist somewhere in
the circuit.

A

B

c

Figure 8.28

G

Some comments on Karnaugh maps

1. Look for groups of 2, 4, 8, etc., squares;
they have the simple logic expressions.

2. The larger the block you describe, the
simpler the logic.

3. The edges of the Karnaugh map connect
up. For instance, the map in Figure 8.29
is described by Q = B'C.

H~ oa o> > > i o
CD

00 0 0 0 0

of o 0 0 0

> > i o o i

i o ~ o o i

Figure 8.29

4. A block of 1's with only one or

two 0's may be best described by the
grouping illustrated in Figure 8.30, which

corresponds to the logic expression

Q = A(BCD)'

S. Xs (don`t care) are "wild cards." Use
them as 1's or 0's to generate the simplest
logic.

AB 00 01 11 10
~,

00 0 0 1 1

01 0 0 1 1

1 1 0 0 OO 1

10 0 0 1 1

Figure 8.30

6. A Karnaugh map may not lead directly
to the best solution: A more complicated
logic expression may sometimes have a
simpler realization in gates, e.g., if some
of its terms already exist as logic in your
circuit, and you can exploit intermediate
outputs (from other terms) as inputs.
Furthermore, exclusive-OR realizations
are not always obvious from Karnaugh
maps. Finally, package constraints (e.g.,
the fact that four 2-input gates come in
a single IC) also figure into the choice of
logic used in the final circuit realization.
When programmable logic devices such as
PALs (Section 8.15) are used to construct
logic functions, the internal structure (pro-
grammable AND; fixed OR) constrains the
realization that can be used.

EXERCISE 8.13
Draw a Karnaugh map for logic to determine if
a 3-bit integer (0 to 7) is prime (assume that 0,1,
and 2 are not primes). Show a realization with
2-input gates.

EXERCISE 8.14

Find logic to perform multiplication of two 2-bit

unsigned numbers (i.e., each 0 to 3), producing
a 4-bit result. Hint: Use a separate Karnaugh
map for each output bit.

8.14 Combinational functions
available as ICs

Using Karnaugh maps, you can construct
logic to perform rather complicated func-
tions such as binary addition or magnitude
comparison, parity checking, multiplexing
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(selecting one of several inputs, as deter-
mined by a binary address), etc. In the
real world ine most frequently used com-
plex functions are available as single MSI
functions (medium-scale integration, up-
ward of 100 gates on one chip). Although
many of the MSI functions involve
flip-flops, which we will get to shortly,
lots of them are combinational functions
involving only gates. Let's see what
animals live in the MSI combinational
zoo.

Quad 2-input select

The quad 2-input select is a very useful
chip. It is basically a 4-pole 2-position
switch for logic signals. Figure 8.31 shows
the basic idea. When SELECT is LOW,
the A inputs are passed through to their
respective Q outputs. For SELECT HIGH,
the B inputs appear at the output.
ENABLE' HIGH disables the device by
forcing all outputs LOW. This is an im-
portant concept you will see more of later.
Here's the truth table, which illustrates the
X (don't care) entry:

Inputs Outputs
E~ SEL A,,. Bm. O~.

H X X X L
L L L X L
L L H X H
L H X L L
L H X H H

Figure 8.31 and the preceding table
correspond to the ' 157 quad 2-input select
chip. The same function is also available
with inverted output (' 158) and with 3-
state outputs (true: '257; inverted: '258).

EXERCISE 8.15
Show how to make a 2-input select from an
AND-OR-INVERT gate.

A~
Q,

~,

Az
e Qzz

'1 57
A3

Q,
83

a,
a Q'4

E SEL

Figure 8.31. Quad 2-input select.

Although the function of a select gate
can be performed by a mechanical switch
in some cases, the gate is a far better solu-
tion, for several reasons: (a) it is cheaper;
(b) all channels are switched simultane-
ously and rapidly; (c) it can be switched,
nearly instantaneously, by a logic level gen-
erated elsewhere in the circuit; (d) even
if the select function is to be controlled
by a front-panel switch, it is better not to
run logic signals around through cables and
switches, to avoid capacitive signal degra-
dation and noise pickup. With a select gate
actuated by a do level, you keep logic sig-
nals on the circuit board and get the bonus
of simpler off-board wiring (a single line
with pullup switched to ground by an SPST
switch). Controlling circuit functions with
externally generated do levels in this man-
ner is known as "cold switching," and it
is a much better approach than control-
ling the signals themselves with switches,
potentiometers, etc. Besides its other ad-
vantages, cold switching lets you bypass
control lines with capacitors to eliminate
interference, whereas signal lines cannot
generally be bypassed. You will see some
examples of cold switching later.

Transmission gates

As we discussed in Sections 3.11 and
3.12, with CMOS it is possible to make
"transmission gates," simply a pair of
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complementary MOSFET switches in

parallel, so that an input (analog) signal

between ground and VDD is either con-

nected through to the output through a low

resistance (a few hundred ohms) or open-

circuited (essentially infinite resistance).

As you may remember, such a device is bi-

directional and doesn't know (or care)

which end is input and which end is out-

put. Transmission gates work perfectly

well with digital CMOS levels and are used

extensively in CMOS design. Figure

8.32 shows the layout of the popular

4066 CMOS "quad bilateral switch." Each

switch has a separate "control" input; in-

put HIGH closes the switch, and LOW

opens it. Note that transmission gates are

merely switches, and therefore have no

fanout; i.e., they simply pass input logic

levels through to the output, without pro-

viding additional drive capability.

Figure 8.32. Quad transmission gate.

With transmission gates you can make

2-input (or more) select functions, usable

with CMOS digital levels or analog signals.

To select among a number of inputs,

you can use a bunch of transmission

gates (generating the control signals with a

"decoder," as will be explained later). This

is such a useful logic function that it has

been institutionalized as the "multiplexer,"

which we will discuss next.

EXERCISE 8.16

Show how to make a 2-input select with trans-

mission gates. You will need an inverter.

COMBINATIONAL LOGIC

8.14 Combinational functions available as ICs

Multiplexers

The 2-input select gate is also known as a
2-input multiplexer. Multiplexers are also

available with 4, 8, and 16 inputs (the 4-

input variety comes as a dual unit, 2 in

one package). A binary address is used to

select which of the input signals appears

at the output. For instance, an 8-input

multiplexer has a 3-bit address input to

address the selected data input (Fig. 8.33).

The digital multiplexer illustrated is a' 151.

It has a STROBE (another name for

ENABLE) input (negative-true), and it

provides true and complemented outputs.

When the chip is disabled (STROBE held

HIGH), Q is LOW and Q' is HIGH,

independent of the states of the address

and data inputs.

inputs

Do

D,

~2 Q

~3 '151
Oq Q

D5

D6

D~

Ao Ai A2 E

Y
address

Figure 8.33. 8-input multiplexer.

outputs

In CMOS, two varieties of multiplex-

ers are available. One type is for dig-

ital levels only, with an input threshold

and "clean" regeneration of output levels

according to the input state; that's also

the way all TTL functions work. An ex-

ample is the ' 153 TTL multiplexer. The

other kind of CMOS multiplexer is ana-

log and bidirectional; it's really just an

array of transmission gates. The 4051-

4053 CMOS multiplexers work this way

(remember that logic made from trans-

mission gates has no fanout). Since
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transmission gates are bidirectional, these
multiplexers can be used as "demultiplex-
ers," or decoders. We will discuss them
next.

EXERCISE 8.17

Show how to make a 4-input multiplexer using
(a) ordinary gates, (b) gates with 3-state outputs,
and (c) transmission gates. Under what circum-
stances would (c) be preferable?

You might wonder what to do if
you want to select among more inputs
than are provided in a multiplexer. This
question comes under the general category
of chip "expansion" (using several chips
that have small individual capabilities to
generate a larger capability), and it applies
to decoders, memories, shift registers,
arithmetic logic, and many other functions
as well. In this case the job is easy
(Fig. 8.34). Here we have expanded two
74LS 151 8-input multiplexers into a 16-
input multiplexer. There's an additional
address bit, of course, and you use it to
enable one chip or the other. The disabled
chip holds its Q LOW, so an OR gate at
the output completes the expansion. With
three-state outputs the job is even simpler,
since you can connect the outputs directly
together.

Demultiplexers and decoders

A demultiplexer takes an input and routes

Ao

A,

Az

a,

it to one of several possible outputs, ac-
cording to an input binary address.
The other outputs are either held in the
inactive state or open-circuited, depending
on the type of demultiplexer.
A decoder is similar, except that the

address is the only input, and it is
"decoded" to assert one of n possible
outputs. Figure 8.35 shows an example.
This is the ' 138 " 1-of-8 decoder." The
output corresponding to (addressed by) the
3-bit input data is LOW; all others are
HIGH. This particular decoder has three
ENABLE inputs, all of which must be as-
serted (two LOW, one HIGH); otherwise
all outputs are HIGH. A favorite use of the
decoder is to cause different things to hap-
pen, depending on the state of a "counter"
chip that drives it (more on this, soon).
Decoders are commonly used when inter-
facing to microprocessor, to trigger differ-
ent actions depending on the address; we'll
treat this subject in detail in Chapter 10.
Another common use of a decoder is to en-
able asequence of actions in turn, accord-
ing to an advancing address given by the
output of a binary counter (Section 8.25).
A close cousin of the ' 138 is the ' 139,
a dual 1-of-4 decoder with a single
LOW-true enable per section. Figure
8.36 shows how to use a pair of ' 138
1-of-8 decoders to generate a 1-of-16 de-
coder. No external gates are necessary,

DB ----------------Dis

Figure 8.34. Multiplexer expansion.
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Figure 8.35. 1-of-8 decoder.

since the ' 138 has enable inputs of both

polarities.

EXERCISE 8.18
More expansion: Make a 1-of-64 decoder from
nine'138s. Hint: Use oneofthemasanenabling
switchyard for the others.

In CMOS logic, the multiplexers that

use transmission gates are also demulti-

plexers, since transmission gates are

bidirectional. When they are used that

way, it is important to realize that the out-

puts that aren't selected are open-
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circuited. A pullup resistor, or equivalent,

must be used to assert a well-defined
logic level on those outputs (the same

requirement as with TTL open-collector

gates).
There is another kind of decoder gen-

erally available in all logic families. An

example is the '47 "BCD-to-7-segment de-

coder/driver." It takes a BCD input and

generates outputs on 7 lines correspond-

ing to the segments of a "7-segment dis-

play" that have to be lit to display the

decimal character. This type of decoder

is really an example of a "code converter,"

but in common usage it is called a decoder.

Table 8.6 at the end of the chapter lists

most available decoders.

EXERCISE 8.19
Design a BCD-to-decimal (1-of-10) decoder
using gates.

Priority encoder

The priority encoder generates a binary

code giving the address of the highest-

numbered input that is asserted. It is

particularly useful in "parallel-conversion"

A/D converters (see next chapter) and

in microprocessor system design. An

example is the ' 148 8-input (3 output

bits) priority encoder. The ' 147 encodes

10 inputs.

EXERCISE 8.20
Design a "simple" encoder: a circuit that
outputs the (2-bit) address telling which of
4 inputs is HIGH (all other inputs must be LOW).

Adders and other arithmetic chips

Figure 8.37 shows a "4-bit full adder."

It adds the 4-bit number Ai to the 4-bit

number Bi, generating a 4-bit sum Si plus

carry bit Co. Adders can be "expanded" to

add larger numbers: The "carry-in" input

CZ is provided to accept the carry out of

the next lower adder. Figure 8.38 shows

how you would add two 8-bit numbers.

497

1 -of-8 decoded output

Figure 8.36. Decoder expansion.
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A input B input

A' Az A~ Aq 8' Bz 83 8'

carry in C, '83 C„ carry out

s, s2 s, s,

`—~
S output

Figure 8.37. 4-bit full adder.

A device known as an arithmetic logic
unit (ALU) is often used as an adder. It
actually has the capability of performing
a number of different functions. For in-
stance, the ' 181 4-bit ALU (expandable to
larger word lengths) can do addition, sub-
traction, bit shifts, magnitude comparison,
and a few other functions. Adders and
ALUs do their arithmetic in times mea-
sured in nanoseconds to tens of nanosec-
onds, depending on logic family.
Dedicated integer multiplier chips are

available in configurations such as 8 bits
times 8 bits, or 16 bits times 16 bits.
A variation that is particularly suited to

A (8 bits) linputs)

9-bit sum

loutput)

digital signal processing is the so-called
MAC (multiplier-accumulator), which
accumulates a sum of products; these, too,
are available in sizes up to 32 x 32, with
64-bit product plus a few additional bits
to keep the sum from overflowing. CMOS
MACS and multipliers are available with
typical speeds of 25—SOns; ECL multipli-
ers are much faster — Sns (typ) for 16 x 16
multiply.
Another arithmetic chip that's handy in

digital signal processing is the correlator,
which compares the corresponding bits of
a pair of bit strings, calculating the number
of bits that agree. Atypical correlator chip
compares a pair of 64-bit words, which can
be shifted in internal shift registers. Any
pattern of bits can be ignored ("masked")
in the correlation. Typical speeds are 30ns,
i.e., a bit stream can be clocked through at
35MHz, with a 7-bit correlation available
at each clock tick. A variation (known as
an FIR digital filter) calculates instead the
true sum (with carry) of the true pairwise
product of a pair of integer strings; typical

B (8 bits)

Figure 8.38. Adder expan-
sion.
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sizes are 4- to 10-bit integers, with string

lengths of 3 to 8 words (expandable to
greater length, of course).

The most complex arithmetic chips are
the floating-point processors, which per-
form compares, sums, and products, as
well as trigonometric functions, exponen-
tials, and square roots. These are usually

designed to work closely with particular
microprocessors, and they generally con-
form to a nice standard known as IEEE
P754, which specifies word size (up to
80 bits), format, etc. Examples (plus
matching microprocessors) are the 8087
(8086/8), 80387 (80386), and 68881

(68020). These are truly stunning per-
formers, with speeds of lOMflops (million
floating-point operations per second) or
more.

Magnitude comparators

Figure 8.39 shows a 4-bit magnitude com-
parator. It determines the relative sizes of
the 4-bit input numbers A and B and tells
you via outputs whether A < B, A = B,
or A > B. Inputs are provided for expan-
sion to numbers larger than 4 bits.

A input 8 input
~~

QO .______A3 B3
_________83

expansion '4 ̀ ' 8 
A <; B

inputs '4 - B 
85 A = B outputs

A >8 A>B

Figure 8.39. Magnitude comparator.

EXERCISE 8.21
Construct a magnitude comparator, using
XOR gates, that tells whether or not
A = B, where A and B are 4-bit numbers.

Table 8.7 at the end of the chapter lists
most available magnitude comparators.

Parity generator/checker

This chip is used to generate a parity
bit to be attached to a "word" when
transmitting (or recording) data and to
check the received parity when such data
are recovered. Parity can be even or
odd (e.g., with odd parity the number of
1 bits in each character is odd). The '280
parity generator, for instance, accepts a 9-
bit input word, giving an even and an odd
parity bit output. The basic construction
is an array of exclusive-OR gates.

EXERCISE 8.22
Figure out how to make a parity generator using
XOR gates.

Programmable logic devices

You can build your own custom combi-

national (and even sequential) logic on a

chip, using ICs that contain an array of

gates with programmable interconnections.
There are several varieties, of which the

most popular are PALS (programmable ar-

ray logic) and PLAs (programmable logic

arrays). PALs, in particular, have become

extremely inexpensive and flexible and

should form a part of every designer's tool-

box of tricks. We will describe combina-

tional PALs in the next section.

❑ Some other strange functions

There are many other interesting MSI

combinational chips worth knowing about.

For example, in CMOS you can get a

"majority logic" IC that tells you whether

or not a majority of n inputs are asserted.

Also available is a BCD "9's complemen-

ter," whose function is obvious. A "barrel-

shifter" IC shifts an input word over by n

(selectable) bits and can be expanded to

any width.
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8.15 Implementing arbitrary truth tables

Luckily; most of dieital circuit design domes
not consist of cooking up crazy arrange-
ments ofgates toimplement some complex
logic function. However, there are times
when you do need to wire up some compli-
cated truth table, and the number of gates
can become awfully large. You may be-
gin to ask yourself if there isn't some other
way. Fortunately, there are several. In
this section we will look briefly at the use
of multiplexers and demultiplexers to
implement arbitrary truth tables. Then we
will discuss the generally more powerful
methods using programmable logic chips,
particularly ROMs and PALS.

❑ Multiplexers as generalized truth tables

It should be obvious that an n-input multi-
plexer can be used to generate any n-entry
truth table, without any external compo-
nents, by simply Crsri~ecting' its inputs to
HIGH or LOW as required. For example,
Figure 8.40 shows a circuit that tells if a
3-bit binary input is prime.

Asa
data

in

MSB

Figure 8.40

What is not so obvious is that an n-
input multiplier can be used to generate
any 2n-entry truth table, with at most one
external inverter. For example, Figure 8.41
shows a circuit that tells whether or not
a given month of the year has 31 days,
where the month (1 to 12) is specified by
a 4-bit input. The trick is to notice that
for a given state of address bits applied to

the multiplexer, the output (as a function
of the remaining input bit B) must be
one of the tour choices H, L,13, or B' ;
the corresponding multiplexer input is
therefore tied to logic HIGH, logic LOW,
B or inverted B.

A3 MSB C Q "31 days"

month '4z B 4051

number q ~ q
A ~o ~~o~

Figure 8.41

EXERCISE 8.23
Design of Figure 8.41. Make a table showing
whether or not a given month has 31 days,
with the month addressed in binary. Group
the months in pairs, according to the most
significant 3 bits of address. For each pair,
figure out how Q ("31-Hess") depends on the
least significant address bit Ao. Compare with
Figure 8.41. Finally, verify (using your knuckles,
or by reciting poetry) that the circuit does indeed
tell you if a given month has 31 days.

Amusing postscript: It turns out that
this truth table can be implemented with
a single XOR gate, if you take advantage
of Xs (don't care) for the months that don't
exist! Try your hand at this challenge.
It will give you a chance to exercise
Karnaugh map skills.

❑ Decoders as generalized truth tables

Decoders also provide a nice shortcut for
combinational logic, particularly in situa-
tions where you need several simultaneous
outputs. As an example, let's generate a
circuit to convert BCD to excess-3. Here's
the truth table:
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Decimal BCD XS3 Decimal BCD XS3

0 0000 ooi~ 5 oioi i000
1 0001 0100 6 0110 1001

2 0010 0101 7 0111 1010

3 0011 0110 8 1000 1011

4 0100 0111 9 1001 1100

We use the 4-bit (BCD) input as an address

to the decoder, then use the (negative-true)

decoded outputs as inputs to several OR

gates, one for each output bit, as shown in

Figure 8.42. Note that with this scheme

the output bits don't have to be mutually

exclusive. You might use something like

this as a cycle controller for a washing

machine, in which you turn on several

functions (pump out water, fill, spin, etc.)

at each input state. You will see shortly

how to generate equally timed consecutive
binary codes. The individual outputs
from the decoder are known as minterms,
and they correspond to positions on a
Karnaugh map.

ROM and programmable logic

These are ICs that let you program their
internal connections, roughly speaking.
In that sense they are really devices with
memory and should probably be discussed
later, along with flip-flops, registers, etc.
However, once programmed they are strict-
ly combinational (although there are also
sequential programmable logic devices;

A

excess-3
(XS3) out

C

a I Figure 8.42. Minterm code conversion:
~ BCD to "excess-3" (an obsolete code, left

over from the first edition).

BCD data in

Do D~ DZ D3
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see Section 8.27), and they are so useful
that it would be unforgivable not to discuss
inem now.

ROM. A ROM, or read-only memory,
holds a bit pattern (typically 4 or 8 bits,
parallel output) for each distinct address
applied to its input. For example, a
1 K x 8 ROM gives eight output bits for
each of 1024 input states, specified by
a 10-bit input address (Fig. 8.43). Any
combinational truth table can therefore
be programmed into a ROM, provided
there are enough input (address) lines. For
example, the 1 K x 8 ROM above could
be used to implement a 4-bit by 4-bit
multiplier; in this case the limitation is the
"width" (8 bits), not the "depth" (10 bits).

8-bit data out (3-state)

0
U0

0

0

Figure 8.43

ROMs (and also programmable logic
devices) are nonvolatile, meaning that the
stored information is retained even when
power is removed. There are several
basic varieties, according to their method
of programming: (a) "Mask-programmed
ROMs" have their bit pattern built in at
the time of manufacture. (b) "Program-

mable ROMs" (PROMs) are programma-
ble by the user: PROMS use tiny intercon-
nections that can be blown (like fuses) by
applying appropriate address and control
signals; they tend to be very fast (25—SOns),
of relatively high power (bipolar: 0.5-1 W),
and small to medium in size (32 x 8 up to
8Kx8). (c) "Erasable programmable
ROMs" (EPROMs) store their bits as
charge held on floating MOS gates, and
hence can be erased by exposing them to
intense ultraviolet (UV) light for some tens
of minutes (they have a transparent quartz
window); they are available in NMOS and
CMOS varieties and are rather slow
(200ns), of low power (particularly in
standby mode), and large (8Kx8 to
128Kx 8). Recent CMOS EPROMs are
approaching bipolar speeds (35ns). A vari-
ant known as "one-time-programmable"
(OTP) is an identical chip, but omits the
quartz window for economy and rugged-
ness. (d) "Electrically erasable program-
mable ROMs" (EEPROMs) behave like
EPROMs, but can be programmed and
erased electrically, while in the circuit, with
standard supply voltages (+5V).
ROMs find extensive use in computer

and microprocessor applications, where
they are used to store finished programs
and data tables; we will see them again in
Chapter 11. However, you should keep the
smaller ROMs in mind as replacements for
complicated arrays of gates.

Programmable logic. PALS (program-
mable array logic; PAL is a trademark of
Monolithic Memories Inc.) and PLAs (pro-
grammable logic arrays) are the two basic
kinds of programmable logic. They are
ICs with many gates whose interconnec-
tions can be programmed (like ROMs) to
form the desired logic functions. They are
available in both bipolar and CMOS con-
struction, the former using fusible-link
(one-time-programmable), and the lat-
ter floating-gate MOS (UV or electri-
cally erasable). You can't program any

control inputs

CE "chip enable"
OE enables 3-state outputs
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programmable

symbolic shorthand

actual logic

Figure 8.44. Programmable logic.
A. PAL
B. PLA
C. Detail of programmable connections to many-input AND gate; the circles are fusi

ble links or

other programmable connections.

legend O O 0 O3 2 1 0

=programmable

connection

=fixed

~ connection
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interconnection you want —you're limited
by the built-in structure. Figure 8.44

v ~.uabii vi l~vlil vltlullvllal

(no registers) PALS and PLAs. To keep
this figure simple, the AND and OR gates,
though drawn with a single input line,
are actually multiple-input gates, with an
input implied at every connected crossing.
Each (three-state) output of a combina-

tional PAL comes from an OR gate, each
of whose inputs is prewired to an AND
gate with dozens of inputs. For example,
the 16L8 (Fig. 8.45) has eight 7-input OR
gates; every possible signal is available at
each AND gate, including the 10 dedicated
input pins (and their inverts) and the 8
outputs (and their inverts). Each tristate
enable is also derived from a 32-input
AND gate.
PLAs are similar to PALS, but with

the added flexibility that the AND-gate
outputs can be connected to the OR-gate
inputs in any combination (i.e., program-
mable), rather than being prewired as in a
PAL.
Note that the PALs and PLAs that

we have described are combinational (i.e.,
gates only, no memory). Both kinds
of programmable logic are also available
as sequential logic, i.e., with memory
(registers), a subject we will take up in the
next section.
To use PALs or PLAs, you get your-

self aprogrammer, apiece of hardware
that knows how to burn fuses (or other-
wise program the device) and verify the
finished product. All programmers con-
nect via a serial port to a microcomputer
(engineers have standardized on the IBM
PC or compatible), on which you run some
form of programmer software. Some of
the fancier programmers include an on-
board computer that runs its own soft-
ware. The simplest kind of software sim-
ply lets you select the fuses to burn; you
figure that out by deciding what logic you
want, at the gate level, then listing (or
marking on a graphics display) those fuses.

Figure 8.46 shows a trivial example, form-
ing an exclusive-OR of two inputs as one
Vl L11G VLI LFJUIJ. DGLLGl ~I U~IdIIl II1CI-S 1~.0 yOU

specify Boolean expressions (if you know
them) or truth tables; the software does the
rest, including minimization, simulation,
and programming.
Although PLAs are more flexible, the

overwhelming favorite in recent design
has been the PAL. That is because they
are faster (the signal passes through only
one array of fuses) and cheaper and will
usually do the job. As we'll see shortly,
sophisticated new PALS using "macrocells"
and "folded architecture" give you some
additional flexibility within the fixed-OR
PAL design. PALS provide a flexible
and compact alternative to fixed-function
ICs and should not be overlooked by the
serious circuit designer. We'll show how
(and when) to use programmable logic,
along with useful tricks, in Section 8.27.

SEQUENTIAL LOGIC

8.16 Devices with memory: flip-flops

All our work with digital logic so far
has been with combinational circuits (e.g.,
arrays of gates), for which the output
is determined completely by the existing
state of the inputs. There is no "memory,"
no history, in these circuits. Digital
life gets really interesting when we add
devices with memory. This makes it
possible to construct counters, arithmetic
accumulators, and circuits that generally
do one interesting thing after another. The
basic unit is the flip-flop, a colorful name
to describe a device that, in its simplest
form, looks as shown in Figure 8.47.
Assume that both A and B are HIGH.

What are X and Y? If X is HIGH,
then both inputs of GZ are HIGH, making
Y LOW. This is consistent with X being
HIGH, so we're finished. Right?

X =HIGH

Y=LOW
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Figure 8.45. The 16L8 combinational PALO has 10 dedicated inputs, 2 dedicated outputs, and 
505

6 bidirectional (three-state) input/output lines; "16L8" means 16 (max) inputs, 8 (max) outputs

(LOW-true). (Diagrams courtesy of Advanced Micro Devices of Sunnyvale, California.)
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a

A
G, X

Gz Y
B

Figure 8.47. Flip-flop ("set-reset" type).

at+>a

Wrong! The circuit is symmetrical, so an
equally good state is

X =LOW

Y =HIGH

The states X, Y both LOW and X, Y
both HIGH are not possible (remember,
A = B =HIGH). So the flip-flop has
two stable states (it's sometimes called a
"bistable"). Which state it is in depends on
past history. It has memory! To write into
the memory, just bring one of the inputs
momentarily LOW. For instance, bringing
A LOW momentarily guarantees that the
flip-flop goes into the state

~:A:iCef:l

Y=LOW

no matter what state it was in previously.

Switch debouncing

This kind of flip-flop (with a SET and RE-
SET input) is quite useful in many
applications. Figure 8.48 shows a typical
example. This circuit is supposed to en-
able the gate and pass input pulses when

the switch is opened. The switch is tied to
ground (not +SV), because of a peculiar-
ity of bipolar TTL (as opposed to CMOS):
You must sink substantial current from an
input in the LOW state (0.25mA for LS
TTL), whereas in the HIGH state the in-
put current is near zero. Besides, ground
is generally available as a convenient re-
turn for switches and other controls. The
problem with this circuit is that switch
contacts "bounce." When the switch is
closed, the two contacts actually separate
and reconnect, typically 10 to 100 times
over a period of about 1 ms. You would
get waveforms as sketched; if there were a
counter or shift register using the output, it
would faithfully respond to all those extra
"pulses" caused by the bounce.

~ J

1.Ok -~ u L

Figure 8.48. Switch "bounce."

Figure 8.49 shows the cure. The flip-
flop changes state when the contacts first
close. Further bouncing against that
contact makes no difference (SPDT
switches never bounce all the way back to
the opposite position), and the output is
a "debounced" signal, as sketched. This
debouncer circuit is widely used; the '279
"quad SR latch" lets you get four into
one package. Incidentally, the preceding
circuit has a minor flaw: The first pulse
after the gate is enabled may be shortened,
depending on when the switch is closed
relative to the input pulse train; the same
holds for the final pulse of a sequence
(of course, a switch that is not debounced
has the same problem). A "synchronizer"

Figure 8.46. PAL exclusive OR.
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circuit (see Section 8.19) can be used to
prevent this from happening, for applica-
tions where it makes a difference.

+5 n ~''~ ~''

J U I. J

1.Ok I ~,J ~J ~,J

Q~~~

a

1.Ok
A

+5

a—

Q

Figure 8.49. Switch debouncer.

Multiple-input flip-flop

Figure 8.50 shows another simple flip-flop.
Here NOR gates have been used; a HIGH
input forces the corresponding output
LOW. Multiple inputs allow various signals
to set or clear the flip-flop. In this circuit
fragment, no pullups are used, since logic
signals generated elsewhere (by standard
active pullup outputs) are used as inputs.

Jl_
CLEAR
MR ~

ERROR
ALARM

Figure 8.50

8.17 Clocked flip-flops

Flip-flops made with two gates, as in Fig-
ures 8.47 and 8.50, are known generically

as SR (set-reset), or jam-loaded, flip-flops.
You can force them into one state or the
other whenever you want by just generat-
ing the right input signal. They're handy
for switch debouncing and many other ap-
plications. But the most widely used form
of flip-flop looks a little different. Instead
of a pair of jam inputs, it has one or two
"data" inputs and a single "clock" input.
The outputs can change state or stay the
same, depending on the levels at the data
inputs when the clock pulse arrives.
The simplest clocked flip-flop looks as

shown in Figure 8.51. It's just our original
flip-flop, with a pair of gates (controlled by
the clock) to enable the SET and RESET
inputs. It is easy to verify that the truth
table is

S R Q,~+1

0 0 Qn
0 1 0
1 0 1
1 1 indeterminate

n CLK

Figure 8.51. Clocked flip-flop.

a

6

where Q,~+1 is the Q output after the clock
pulse and Qn is the output before the
clock pulse. The basic difference between
this and the previous flip-flops is that R
and S should now be thought of as data
inputs. What is present on R and S when
a clock pulse comes along determines what
happens to Q.
This flip-flop has one awkward property,

however. The output can change in re-
sponse to the inputs during the time the
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clock is HIGH. In that sense it is still
like the jam-loaded SR flip-flop (it's also
known as a "transparent latch," since the
output "sees through" to the input when
the clock is HIGH). The full utility of
clocked flip-flops comes with the introduc-
tion of slightly different configurations,
the master-slave flip-flop and the edge-
triggered flip-flop.

Master-slave and edge-triggered flip-flops

These are by far the most popular flip-
flops. The data present on the input

0
~~

lines just before a clock transition, or
"edge," determines the output state after
the clock has changed. These flip-flops are
available as inexpensive packaged ICs and
are always used in that form. But it is
worth looking at their innards in order to
understand what is going on. Figure 8.52
shows the schematics. Both are known
as type D flip-flops. Data present at
the D input will be transferred to the Q
output after the clock pulse. The master-
slave configuration is probably easier to
understand. Here's how it works:

8

A

CLK

D

B

G

Figure 8.52. Edge-triggered type D flip-
flops.

master slave

positive-edye triggered
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While the clock is HIGH, gates 1 and 2
are enabled, forcing the master flip-flop
(gates 3 and 4) to the same state as the
D input: M = D, M' = D'. Gates 5
and 6 are disabled, so the slave flip-flop
(gates 7 and 8) retains its previous state.
When the clock goes LOW, the inputs to
the master are disconnected from the D
input, while the inputs of the slave are
simultaneously coupled to the outputs of
the master. The master thus transfers its
state to the slave. No further changes can
occur at the output, because the master
is now stuck. At the next rising edge of
the clock, the slave will be decoupled from
the master and will retain its state,
while the master will once again follow
the input.
The edge-triggered circuit behaves the

same externally, but the inner workings are
different. It is not difficult to figure it out.
The particular circuit shown happens to
be the popular '74 positive-edge-triggered
type Dflip-flop. The preceding master-
slave circuit transfers data to the output
on the negative edge. Flip-flops are avail-
able with either positive or negative edge
triggering. In addition, most flip-flops also
have SET and CLEAR jam-type inputs.
They may be set and cleared on HIGH
or on LOW, depending on the type of flip-
flop. Figure 8.53 shows a few popular flip-
flops. The wedge means "edge-triggered,"
and the little circles mean "negation," or
complement. Thus, the '74 is a dual type
D positive-edge-triggered flip-flop with ac-
tive LOW jam-type SET and CLEAR in-
puts. The 4013 is a CMOS dual type D

s s

a Q a Q

> % '74 ~ % 4013

Q Q

R R

positive-edge-triggered flip-flop with active
HIGH jam-type SET and CLEAR inputs.
The ' 112 is a dual JK master-slave flip-
flop with data transfer on the negative edge
and with active LOW jam-type SET and
CLEAR inputs.

The JK flip-flop. The JK flip-flop works
on principles similar to those of the type D
flip-flop, but it has two data inputs. Here's
the truth table:

J K ,~+1

~ ~ Qn

0 1 0
1 0 1
1 1 Q~~

Thus, if J and K are complements, Q will
go to the value of the J input at the next
clock edge. If J and K are both LOW, the
output won't change. If J and K are both
HIGH, the output will "toggle" (reverse its
state after each clock pulse).
Warning: Some older JK flip-flops are

"ones-catching," a term you won't find in
the data sheet, but an effect that can have
dire consequences for the unsuspecting.
This means that if either J or K (or both)
changes state momentarily while the slave
is enabled by the clock, then returns to
its previous state before the clock makes
its transition, the flip-flop will "remember"
that momentary state and behave as if that
state had persisted. Thus, the flip-flop may
change state at the next clock transition
even if the J and K inputs existing at
that transition should cause the flip-flop
to remain in its current state. This can

s

J Q

> % '112

K Q

R Figure 8.53. D-type and
JK flip-flops.
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lead to peculiar behavior, to put it mildly.
The problem arises because such flip-flops
were designed with short clock pulses
in mind, whereas in common usage you
clock flip-flops with just about anything.
Be careful when using master-slave flip-
flops, or avoid them altogether and use
true edge-triggered flip-flops instead.
Two good choices that employ true

edge triggering are the ' 112 and the ' 109.
Both are dual (two per package) JK flip-
flops with (negative-true) SET and CLEAR
jam-type inputs; the ' 112 clocks on the
negative edge, the ' 109 on the positive
edge. The ' 109 has an interesting quirk,
namely the K input is complemented (it's
sometimes called a "JK-bar" flip-flop).
Thus, if you tie the J and K inputs
together, you've got a Dflip-flop; to make
it toggle, you ground K' and tie J HIGH.

Divide by 2

It is easy to make adivide-by-2 circuit
by just exploiting the toggling capability
of flip-flops. Figure 8.54 shows two ways.
The JK flip-flop toggles when both inputs
are HIGH, producing the output shown.
The second circuit also toggles, since with
the D input tied to its own Q~ output, the
D flip-flop always sees the complement of
its existing output at its D input at the time
of the clock pulse. The output signal in
either case is at half the frequency of the
input.

Data and clock timing

This last circuit raises an interesting ques-
tion: Will the circuit fail to toggle, since
the D input changes almost immediately
after the clock pulse? In other words, will
the circuit get confused, with such crazy
things happening at its input? You could,
instead, ask this question: Exactly when
does the Dflip-flop (or any other flip-
flop) look at its input, relative to the clock
pulse? The answer is that there is a spec-
ified "setup time" t8 and "hold time" th
for any clocked device. Input data must

A

input
0

o~cP~c
0

Figure 8.54. Toggling flip-flops.

be present and stable from at least t9 be-
fore the clock transition until at least th
after it, for proper operation. For the
74HC74, for instance, to = 20ns and th =
ins (Fig. 8.55). So, for the preceding tog-
gling connection, the setup-time require-
ment is met if the output has been stable
for at least 20ns before the next clock rising
edge. It may look as if the hold-time re-
quirement is violated, but that's nK, also.
The minimum "propagation time" from
clock to output is lOns, so a D flip-flop
connected to toggle as described is guar-
anteed to have its D input stable for at
least lOns after the clock transition. Most
devices nowadays have a zero hold-time
requirement.
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Divide by more

D +
0

CLK
0

Figure 8.55. Data setup and hold times.

An interesting thing can happen if the

level at the D input changes during the

setup-time interval, namely a so-called

metastable state in which the flip-flop can't

make up its mind which state to go into.

We will have more to say about this

shortly.

20ns min ~
_~ r ~„

ins min

By cascading several toggling flip-flops
(connect each Q output to the next clock
input), it is easy to make adivide-by-2n, or

binary, counter. Figure 8.56 shows a four-

stage "ripple counter" and its waveforms.
Note that flip-flops that clock on the falling

edge (indicated by the negation circle)
must be used if each Q output drives the
next clock input. This circuit is a divide-
by-16counter: The output waveform from

the last flip-flop is a square wave whose
frequency is 1 ~ 16 of the circuit's input
clock frequency. Such a circuit is called

a counter because the data present at the
four Q outputs, considered as a single 4-

bit binary number, go through a binary

sequence from 0 to 15, incrementing after

each input pulse. The waveforms in
Figure 8.56 demonstrate this fact. In the

LSB MSB

Qo Qi Q7 Q3

+ + + +

NLf L J Q J Q J Q J Q

input
clock

K K K K

A

input
clock

(LS8) Qo

Q ~

Q2

I MSBI Q3

state ~ ~ ~

~ount ~ I ~ 1 2 I 3

B

Figure 8.56. Four-bit counter.
A. Schematic.
B. Timing diagram.

data can data must be stable data can
change ~ ~~ change

~ i i I i i i i i I ~
~ 4 ~ 5 ~ 6 ~ 7 ~ 8 ~ 9 ~ 10 ~ 1 1 ~ 12 ~ 13 ~ 14 ~ 15 ~ 0
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figure the abbreviation MSB is used to
mean "most significant bit," and LSB
means "least significant biY'; the curved
arrows are used to indicate what causes
what, to aid in understanding.
As you will see in Section 8.25, the

counter is such a useful function that many
versions are available integrated onto
single chips, including 4-bit, BCD, and
multidigit counting formats. By cascading
several such counters and displaying the
count on a numeric display device (e.g.,
an LED digital display) you can easily con-
struct an event counter. If the input pulse
train to such a counter is gated for exactly
1 second, you've got a frequency counter,
which displays frequency (cycles per
second) by actually counting the number
of cycles in a second. Section 15.10 shows
diagrams of this simple and highly use-
ful scheme. In fact, single-chip frequency
counters are available, complete with
oscillator, counter, control, and display
circuitry; see Figure 8.71 for an example.

In practice, the simple scheme of
cascading counters by connecting each Q
output to the next clock input has some in-
teresting problems related to the cascaded
delays as the signal "ripples" down through
the chain of flip-flops, and a "synchronous"
scheme (in which all clock inputs see the
same clocking signal) is usually better.
Let's look into this question of synchro-
nous clocked systems.

8.18 Combining memory and gates:
sequential logic

Having explored the properties of flip-
flops, let's see what can be done when
they are combined with the combinational
(gate) logic we discussed earlier. Circuits
made with gates and flip-flops constitute
the most general form of digital logic.

Synchronously clocked systems
As we hinted in the last section, sequential
logic circuits in which there is a common

source of clock pulses driving all flip-
flops have some very desirable properties.
In such a synchronous system all action
takes place just after each clocking pulse,
based on the levels present just before each
clock pulse. Figure 8.57 shows the general
scheme.

i nk
lei

output
levels

Figure 8.57. The classical sequential circuit:
memory registers plus combinational logic.
This scheme can be easily implemented with
single-chip "registered PALS" (Section 8.27).

The flip-flops have all been combined
into a single register, which is nothing
more than a set of type Dflip-flops with
their clock inputs all tied together and
their individual D inputs and Q outputs
brought out; i.e., each clock pulse causes
the levels present at the D inputs to be
transferred to the respective Q outputs.
The box full of gates looks at both the
Q outputs and whatever input levels are
applied to the circuit and generates a
new set of D inputs and logic outputs.
This simple-looking scheme is extremely
powerful. Let's look at an example.
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Example: divide-by-3

Let's design asynchronous divide-by-3
circuit with two type Dflip-flops, both
clocked from the input signal. In this case,
D1 and DZ are the register inputs, Q1
and Q2 are the outputs, and the common

clock line is the master clocking input
(Fig. 8.58).

3. Concoct suitable gating (combinational
logic), using available outputs, to produce
those D inputs. In general, you can use
a Karnaugh map. In this simple case you
can see by inspection that

Di = Q2

Dz = (Ri + Rz)~

from which the circuit of Figure 8.59
follows.

1. Choose the three states. Let's use

i Qa
0 0
0 1
1 0
0 0 (i.e., first state)

2. Find the combinational logic network
outputs necessary to generate this sequence
of states, i.e., figure out what the D inputs
have to be to get those outputs:

i z Di Dz
0 0 0 1
0 1 1 0
1 0 0 0

It is easy to verify that the circuit works
as planned. Since it is a synchronous
counter, all outputs change simultaneously
(when you feed one output to the next
clock, you've got a ripple counter instead).
In general, synchronous (or "clocked") sys-
tems are desirable, since susceptibility to
noise is improved: Things have settled
down by the time of the clock pulse, so
circuits that only look at their inputs at
clock edges aren't troubled by capacitively
coupled interference from other flip-flops,
etc. A further advantage of clocked sys-
tems is that transient states (caused by

Figure 8.58

. figure 8.59. Divide-by-3.
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delays, so that all outputs don't change
simultaneously) don't produce false out-
puc, since the system is insensitive to what
happens just after a clock pulse. You will
see some examples later.

hint: When you construct the table of required
Jl, Kl and Jz, K2 inputs, keep in mind that
mere are two possibilities for J, 1x at each
point. For instance, if a flip-flop output is
to go from 0 to 1, J, K = 1,X (X =don't
care). Finally, check to see if the circuit will get
stuck in the excluded state (of the 16 distinct
solutions to this problem, 4 will get stuck and 12
won't).

Excluded states

What happens to the divide-by-3 circuit if
the flip-flops somehow get into the state
(Q1,(~2) _ (1,1)? This can easily happen
when the circuit is first turned on, since
the initial state of a flip-flop is anyone's
guess. From the diagram, it is clear
that the first clock pulse will cause it to
go to the state (1,0), from which it will
function as before. It is important to
check the excluded states of a circuit like
this, since it is possible to be unlucky
and have it get stuck in one of those
states. (Alternatively, the initial design
procedure can include a specification of
all possible states.) A useful diagnostic
tool is the state diagram, which for this
example looks like Figure 8.60. Usually
you write the conditions for each transition
next to the arrows, if other variables of the
system are involved. Arrows may go in
both directions between states, or from one
state to several others.

Figure 8.60. State diagram: divide-by-3

EXERCISE 8.24
Design a synchronous divide-by-3 circuit using
two JK flip-flops. It can be done (in 16 different
ways!) without any gates or inverters. One

EXERCISE 8.25
Design a synchronous 2-bit UP/DOWN counter:
It has a clock input, and a control input (U/D~ );
the outputs are the two flip-flop outputs Q1 and
Q2. If U/D~ is HIGH, it goes through a normal
binary counting sequence; if LOW, it counts
backward - QZQ1 = 00,11,10,01,00....

State diagrams as design tools

The state diagram can be very useful when
designing sequential logic, particularly if
the states are connected together by several
paths. In this design approach, you begin
by selecting a set of unique states of the
system, giving each a name (i.e., a binary
address). You will need a minimum of n
flip-flops, or bits, where n is the smallest
integer for which 2n is equal to or greater
than the number of distinct states in the
system. Then you set down all the rules
for moving between states, i.e., all possible
conditions for entering and leaving each
state. From there it is a straightforward
(but perhaps tedious) job to generate the
necessary combinational logic, since you
have all possible sets of Qs and the set
of Ds that each leads to. Thus you have
converted a sequential design problem into
a combinational design problem, always
soluble through techniques such as the
Karnaugh map. Figure 8.61 shows a real-
world example. Note that there may
be states that don't lead to others, e.g.,
"receive diploma."
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Figure 8.61. State diagram: going to school.

Registered PALs

Programmable logic (PACs and PLAs, see

Section 8.15) is available with both gates

and synchronously clocked Dflip-flops on

the same chip; these are known as regis-

tered PALS and PLAs, and they are ideal

for implementing custom sequential cir-

cuits. We'll show how in Section 8.27.

8.19 Synchronizer

An interesting application of flip-flops in

sequential circuits is their use in a synchro-

nizer. Suppose you have some external

control signal coming into a synchronous

system that has clocks, flip-flops, etc., and

you want to use the state of that input sig-

nal to control some action. For example,

a signal from an instrument or experiment

might signify that data are ready to be sent

to a computer. Since the experiment and

the computer march to the beats of differ-

ent drummers, so to speak (in fancy lan-

guage you would say they are asynchronous

processes), you need a method to restore

order between the two systems.

SEQUENTIAL LOGIC
8.19 Synchronizer

Example: pulse synchronizer

As an example, let's reconsider the circuit
in which a debouncerflip-flop gated a pulse

train (Section 8.16). That circuit enables

the gate whenever the switch is closed,
regardless of the phase of the pulse train

being gated, so that the first or last pulse
may be shortened. The problem is that

the switch closure is asynchronous with

the pulse train. In some applications it
is important to have only complete clock

cycles, and that requires a synchronizer

circuit like that in Figure 8.62. Pushing

START brings the output of gate 1 HIGH,

but Q stays LOW until the next falling

edge of the input pulse train. In that

way, only complete pulses are passed by

NAND gate 3. Figure 8.62 shows some

waveforms. The curved arrows are drawn

to show exactly what causes what. You can

see, for instance, that the transitions of Q

occur slightly after the falling edges of the

input.

Logic races and glitches

This example brings up a subtle but

extremely important point: What would

happen if apositive-edge-triggered flip-flop

were used instead? If you analyze it care-

fully, you'll find that START still works

OK, but if STOP is pushed while the input

is LOW, a bad thing happens (Fig. 8.63).

A short spike, or "glitch," gets through be-

cause the final NAND gate isn't disabled

until the flip-flop output has a chance to go

LOW, a delay of about 20ns for HC or LS

TTL. This is a classic example of a "logic

race." With some care these situations

can be avoided, as the example shows.

Glitches are terrible things to have running

through your circuits. Among other things,

they're hard to see on an oscilloscope, and

you may not know they are present. They

can clock subsequent flip-flops erratically,

and they may be widened — or narrowed to

extinction — by passage through gates and

inverters.

515
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start

stop 1

A

input

D

Q

output

e

EXERCISE 8.26
Demonstrate that the preceding pulse syn-
chronizer circuit (Fig. 8.62) does not generate
glitches.

EXERCISE 8.27
Design a circuit that lets exactly one full negative
pulse (from an input train of pulses) pass
through to the output, after a button is pushed.

input

c

output

Figure 8.63. A logic race can generate a "runt
pulse."

Figure 8.62. Pulse-train synchronizer.

A few comments about synchronizers:
The input to the Dflip-flop can come from
other logic circuitry, rather than from a
debounced switch. There are applications
in computer interfacing, etc., where an
asynchronous signal must communicate
with a clocked device; in such cases clocked
flip-flops or synchronizers are ideal. In this
circuit, as in all logic, unused inputs must
be handled properly. For instance, SET
and CLEAR must be connected so that
they are not asserted (fora '74, tie them
HIGH; fora 4013, they are grounded).
Unused inputs that have no influence on
the outputs can be left unconnected (e.g.,
inputs to unused gates), except in CMOS,
where they should be grounded to pre-
vent output-stage current (more on that in
Chapter 9). A dual synchronizer is avail-
able as the 74120, although it has not been
widely used.
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The monostable multivibrator, or "one-

shot" (emphasis on the word "one"), is

a variation of the flip-flop (which is

sometimes called a bistable multivibrator)

in which the output of one of the gates

is capacitively coupled to the input of the

other gate. The result is that the circuit sits
in one state. If it is forced to the other state

by a momentary input pulse, it will return

to the original state after a delay time de-
termined by the capacitor value and the

circuit parameters (input current, etc.). It

is very useful (some would say too useful!)

for generating pulses of selectable width

and polarity. Making one-shots with gates

and RCs is tricky, and it depends on the

details of the gate's input circuit, since, for

instance, you wind up with voltage swings

beyond the supply voltages. Rather than

encourage bad habits by illustrating such

circuits, we will just treat the one-shot as

an available functional unit. In actual cir-

cuits it is best to use a packaged one-shot;

you construct your own only if absolutely

necessary, e.g., if you have a gate available

and no room for an additional IC package

(even then, maybe you shouldn't).

8.20 One-shot characteristics

Inputs

One-shots are triggered by a rising or

falling edge at the appropriate inputs. The
only requirement on the triggering signal

is that it have some minimum width,

typically 25ns to 100ns. It can be shorter

or longer than the output pulse. In general,

several inputs are provided so that several

signals can trigger the one-shot, some

on positive edges and some on negative
edges (remember, a negative edge means

a HIGH-to-LOW transition, not a negative

polarity). The extra inputs can also be used

to inhibit triggering. Figure 8.64 shows

four examples.

MONOSTABLE MULTIVIBRATORS
8.20 One-shot characteristics

Each horizontal row of the table rep-
resents avalid input triggering transition.
For example, the ' 121 will trigger when one
of the A inputs makes aHIGH-to-LOW
transition, if the B input and the other A
input are both HIGH. The '4538 is a dual
CMOS monostable with OR gating at the
input; if only one input is used, the other
must be disabled, as shown. The ' 121
has three inputs, with a combination of
OR and AND gating (and triggering), as
shown. Its B input is a Schmitt trigger,
more forgiving with slowly rising or noisy
input signals. This monostable also in-
cludes a not-too-good internal timing
resistor you can use instead of R, if you're
feeling lazy. The'221 is a dual ' 121; CMOS
users can get only the dual version. The
popular ' 123 is a dual monostable with
AND input gating; unused inputs must be
enabled. Note particularly that it triggers
when RESET is disabled if both trigger
inputs are already asserted. This is not
a universal property of monostables, and
it may or may not be desirable in a given
application (it's usually not). The '423
is the same as the '123, but without this
"feature."
When drawing monostables in a circuit

diagram, the input gating is usually
omitted, saving space and creating a bit of
confusion.

Retriggerability

Most monostables, e.g., the 4538, '123,
and '423 mentioned earlier, will begin a
new timing cycle if the input triggers again
during the duration of the output pulse.
They are known as retriggerable mono-
stables. The output pulse will be longer
than usual if they are retriggered during

the pulse, finally terminating one pulse
width after the last trigger. The ' 121 and
'221 are nonretriggerable; they ignore in-

put transitions during the output pulse.
Most retriggerable one-shots can be
connected as nonretriggerable one-shots.
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Figure 8.64. Four popular one-shots with their truth tables.
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8.22 Cautionary notes about monostables

Q ~L Q sL

ZHC423 z HC423

~-
Q

Figure 8.65. Nonretriggerable
one-shot circuits.

Figure 8.65 shows an example that's easy

to understand.

Resettability

Most monostables have a jam RESET

input that overrides all other functions. A

momentary input to the RESET terminal

terminates the output pulse. The RESET

input can be used to prevent a pulse during

power-up of the logic system; however, see

the preceding comment about the ' 123.

Pulse width

Pulse widths from 40ns up to millisec-

onds (or even seconds) are attainable with

standard monostables, set by an external

capacitor and (usually) resistor combina-

tion. A device like the 555 (Section 5.14)

can be used to generate longer pulses,

but its input properties are sometimes
inconvenient. Very long delays are best

generated digitally (see Section 8.23).

Table 8.8 at the end of the chapter lists
most available monostables.

8.21 Monostable circuit example

Figure 8.66 shows asquare-wave generator
with independently settable rate and duty
cycle (ratio of HIGH to LOW) and an

input that permits an external signal to
"hold" the output following a negative
edge. Current mirror Q1—Q3 generates a
ramp at Cl. When it reaches the threshold
of the upper comparator at two-thirds V+,

the one-shot is triggered and generates

a 2µs positive pulse, putting n-channel
VFET Q4 into conduction and discharging

the capacitor. Cl therefore has a sawtooth

waveform going from ground to +8 volts,
with rate set by potentiometer R2. The
lower comparator generates an output
square wave from the sawtooth, with duty
cycle adjustable linearly between 1% and
99% via R5. Both comparators have a
few millivolts of hysteresis (R8 and R9)
to prevent noise-induced multiple transi-
tions. The LM393 is a low-power dual
comparator with input common-mode
range right down to ground and open-
collector outputs.
A feature of this circuit is its ability

to synchronize (start/stop) to an externally
applied control level. The HOLD input
lets the driven circuit stop the oscillator at
the next negative transition at the output.
When HOLD is again brought LOW, the
oscillator immediately resumes full cycles
as if a falling edge had occurred at the time
HOLD was released. The additional input
to the 3-input NAND from the comparator
output ensures that the circuit won't get
stuck with Cl charged up. In this circuit
the one-shot pulse width has been chosen
long enough to ensure that Cl is fully
discharged during the pulse.

8.22 Cautionary notes about
monostables

Monostables have some problems you
don't see in other digital circuits. In ad-
dition, there are some general principles
involved in their use. First, a rundown on
monostable pathology.

Some problems with monostables

Timing. One-shots involve a combina-
tion of linear and digital techniques. Since

519

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



DIGITAL ELECTRONICS
S2Q chapter 8

v, +~zv

~~

CA3096
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Figure 8.66. Autosynchronizing triggerable pulse generator.

the linear circuits have the usual problems
of VBE and hFE variation with tempera-
ture, etc., one-shots tend to exhibit tem-
perature and supply voltage sensitivity of
output pulse width. Atypical unit like
the '4538 will show pulse-width variations
of a few percent over a 0-50°C tempera-
ture range and over a f 5% supply voltage
range. In addition, unit-to-unit variations
give you a f 10% prediction accuracy for
any given circuit. When looking at temper-
ature and voltage sensitivity, it is impor-
tant to remember that the chip may exhibit
self-heating effects and that supply volt-
age variations during the pulse (e.g., small
glitches on the V+ line) may affect the pulse
width seriously.

Long pulses. When generating long
pulses, the capacitor value may be a few
microfarads or more; in that case elec-
trolytic capacitors are necessary. You have
to worry about leakage current (which is
insignificant with the smaller capacitor
types), especially since most monostable

types apply voltage of both polarities
across the capacitor during the pulse. It
may be necessary to add a diode or tran-
sistor to prevent this problem, or to use a
digital delay method instead (involving a
clock and many cascaded flip-flop stages,
as in Section 8.23). The use of an exter-
nal diode or transistor will degrade tem-
perature and voltage sensitivity and pulse-
width predictability; it may also degrade
retriggerable operation.

Duty cycle. With some one-shots the
pulse width is shortened at high duty cycle.
A typical example is the TTL 9600-9602
series, which has constant pulse width
up to 60% duty cycle, decreasing about
5% at 100% duty cycle. The otherwise
admirable ' 121 is considerably worse in
this respect, with erratic behavior at high
duty cycles.

Triggering. One-shots can produce sub-
standard or jittery output pulses when trig-
gered by too short an input pulse. There is
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a minimum trigger pulse width specified,

e.g., SOns for the 'LS121, 140ns for the
4098 with +5 volt supply, and 40ns for the

4098 with +15 volt supply (CMOs is faster

and has more output drive capability when

operated at higher supply voltages).

Noise immunity. Because of the linear

circuits in a monostable, the noise im-

munity is generally poorer than in other

digital circuits. One-shots are particularly

susceptible to capacitive coupling near the

external R and C used to set the pulse

width. In addition, some one-shots are

prone to false triggering from glitches on

the V+ line or ground.

Specsmanship. Be aware that mono-

stable performance (predictability of pulse
width, temperature and voltage coeffi-

cients, etc.) may degrade considerably at

the extremes of its pulse-width range. Spec-

ifications are usually given in the range of

pulse widths where performance is good,

which can be misleading. In addition,

there can be a lot of difference from
manufacturer to manufacturer in the per-

formance of monostables of the same part
number. Read the data sheets carefully!

Output isolation. Finally, as with any

digital device containing flip-flops, outputs

should be buffered (by a gate, inveRer,

or perhaps an interface component like a

line driver) before going through cables

or to devices external to the instrument.
If a device like cone-shot drives a cable

directly, the load capacitance and cable
reflections may cause erratic operation to

occur.

General considerations for using
monostables

Be careful, when using one-shots to gener-

ate atrain of pulses, that an extra pulse

doesn't get generated at the "ends." That

is, make sure that the signals that enable
the one-shot inputs don't themselves trig-
ger apulse. This is easy to do by looking
carefully at the one-shot truth table, if you
take the time.
Don't overuse one-shots. It is tempt-

ing to put them everywhere, with pulses
running all over the place. Circuits with
lots of one-shots are the mark of the neo-
phyte designer. Besides the sort of prob-
lems just mentioned, you have the added
complication that a circuit full of mono-
stables doesn't allow much adjustment of
the clock rate, since all the time delays are
"tuned" to make things happen in the right
order. In many cases there is a way to ac-
complish the same job without aone-shot,
and that is to be preferred. Figure 8.67
shows an example.
The idea is to generate a pulse and

then a second delayed pulse following the
falling edge of an input signal. These
might be used to set up and initiate
operations that require that some previous
operation be completed, as signaled by the
input falling edge. Since the rest of the
circuit is probably controlled by a "clock"
square wave, let's assume that the signal
at the D input falls synchronous with a
clock rising edge. In the first circuit the
input triggers the first one-shot, which then
triggers the second one-shot at the end of
its pulse.
The second circuit does the same thing

with type Dflip-flops, generating output
pulses with width equal to one clock cycle.
This is a synchronous circuit, as opposed
to the asynchronous circuit using cascaded
flip-flops. The use of synchronous meth-
ods is generally preferable from several
standpoints, including noise immunity. If
you wanted to generate shorter pulses, you
could use the same kind of circuit, with

the system clock divided down (via several
toggling flip-flops) from a master clock of
higher frequency. The master clock would
then be used to clock the Dflip-flops in
this circuit. The use of several subdivided
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system clocks is common in synchronous
circuits.

8.23 Timing with counters

As we have just emphasized, there are
many good reasons for avoiding the use of
monostables in logic design. Figure 8.68
shows another case where flip-flops and
counters (cascaded toggling flip-flops) can
be used in place of a monostable to gener-
ate along output pulse. The '4060 is a 14-
stage CMOS binary counter (14 cascaded
flip-flops). Arising edge at the input brings
Q HIGH, enabling the counter. After 2n-1

clock pulses, Qn goes HIGH, clearing the
flip-flop and the counter. This circuit gen-
erates an accurate long pulse whose length
may be varied by factors of 2. The '4060

also includes internal oscillator circuitry
that can substitute for the external clock
reference. Our experience is that the inter-
nal oscillator has poor frequency tolerance
and (in some HC versions) may malfunc-
tion.
You can get complete integrated circuits

to implement timing with counters. The
ICM7240/50/60 (Intersil, Maxim) have 8-
bit or 2-digit internal counters and the
necessary logic to make delays equal to an
integral number of counts (1-255 or 1-99
counts); you can set the number either with
"hardwired" connections or with external
thumbwheel switches. The ICM7242 is
similar, but with prewired divide-by-128
counter. Exar makes a close cousin, called
the XR2243, which has a fixed divide-by-
1024 counter.

Figure 8.67. A digital delay can replace one-shot delays.

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



SEQUENTIAL FUNCTIONS AVAILABLE AS ICs
8.24 Latches and registers

--►I ~ 8192 clock
periods

output

+ D Q ~ ~ ~ QQ Q5 ••• Qin

~ "'~ u~ ou L ~ 'HC4060
start 'HC74 R

Figure 8.68. Digital generation of
long pulses.

SEQUENTIAL FUNCTIONS AVAILABLE
AS ICs
As with the combinational functions we
described earlier, it is possible to integrate
various combinations of flip-flops and
gates onto a single chip. In the follow-
ing sections we will present a survey of the
most useful types, listed according to func-
tion.

As with pure combinational logic, pro-
grammable logic (PACs and GALS in par-
ticular) provides an attractive alternative
to the use of prewired sequential functions.
We'll talk about them, also, after looking at
the standard functions.

8.24 Latches and registers

Latches and registers are used to "hold"
a set of bits, even if the inputs change.
A set of D flip-flops constitutes a register,
but it has more inputs and outputs than
necessary. Since you don't need separate
clocks, or SET and CLEAR inputs, those
lines can be tied together, requiring fewer
pins and therefore allowing 8 flip-flops to
fit in a 20-pin package. The popular '574
is an octal D register with positive clock
edge and three-state outputs; the '273 is
similar, but has a reset instead of three-
state outputs. Figure 8.69 shows a quad D
register with both true and complemented
outputs.

The term "latch" is usually reserved
for a special kind of register: one in
which the outputs follow the inputs when

enabled, and hold the last value when
disabled. Since the term "latch" has
become ambiguous with use, the terms
"transparent latch" and "type D register"
are often used to distinguish these closely
related devices. As an example, the '573
is the octal transparent-latch equivalent of
the '574 D register.

o,
o, o,

Q z
02

74 LS Q z latched
inputs 175D Q3 outputs

3
Q~

Oq QQ

o,
CLK

n, R

Figure 8.69. ' 175 4-bit D register.

Some variations on the latch/register are
as follows: (a) random-access memories
(RAMS), which let you write to, and read
from, a (usually large) set of registers, but
only one (or at most a few) at a time;
RAMs come in sizes from a handful of
bytes up to 1 M bytes or more and are used
primarily for memory in microprocessor
systems (see Chapters 10 and 11); (b) ad-
dressable latches, a multibit latch that lets
you update individual bits while keeping
the others unchanged; (c) a latch or regis-
ter built into a larger chip, for example a

523

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



DIGITAL ELECTRONICS
524 Chapter 8

digital-to-analog converter; such a device
only needs the input applied momentarily
(with ar~r~rnr~riaty ~1n~L~nn PfIf1P~ ~ u~~ .. _..__ t,t,...t,.....~.. ..b ....b..~~ ~aaav

internal register can hold the data.
Table 8.9 at the end of the chapter lists

most of the useful registers and latches.
Note features such as input enable, re-
set, three-state outputs, and "broadside"
pinout (inputs on one side of the chip, out-
puts on the other); the latter is very con-
venient when you are laying out a printed-
circuit board.

8.25 Counters

As we mentioned earlier, it is possible to
make a "counter" by connecting flip-flops
together. There is available an amazing
variety of such devices as single chips.
Here are some of the features to look for:

$IZ@

You can get BCD (divide-by-10) and bi-
nary (or hexadecimal, divide-by-16) coun-
ters in the popular 4-bit category. There
are larger counters, up to 24 bits (not all
available as outputs), and there are modulo-
n counters that divide by an integer n,
specified as an input. You can always
cascade counters (including synchronous
types) to get more stages.

Clocking

An important distinction is whether the
counter is a "ripple" counter or a "syn-
chronous" counter. The latter clocks all
flip-flops simultaneously, whereas in a rip-
ple counter each stage is clocked by the
output of the previous stage. Ripple coun-
ters generate transient states, since the ear-
lier stages toggle slightly before the later
ones. For instance, a ripple counter going
from a count of 7 (0111) to 8 (1000) goes
through the states 6, 4, and 0 along the way.
This doesn't cause trouble in well-designed
circuits, but it would in a circuit that used

gates to look for a particular state (this is a
good place to use something like a D flip-
iivY~ Sv i.iia~ iii . Jinic iJ GIiQ111111GU Ullly ALL

the clock edge). Ripple counters are slower
than synchronous counters, because of the
accumulated propagation delays. Ripple
counters clock on negative-going edges for
easy expandability (by connecting the Q
output of one counter directly to the clock
input of the next); synchronous counters
clock on the positive edge.
We favor the ' 160—' 163 family of 4-

bit synchronous counters for most applica-
tions that don't require some special fea-
ture. The '590 and '592 are good 8-bit
synchronous counters. Figure 8.70 shows
the '390 dual BCD ripple counter.

a,,
> CLKA Q

e
CLKe _ o 

Qc
RESET Q

0

QA

> CLKA Q
e

:= CLKB ..o Qc

RESET Q
a

Figure 8.70. '390 dual BCD ripple counter.

Up/down

Some counters can count in either direc-
tion, under control of some inputs. The
two possibilities are (a) an U/D' input that
sets the direction of count and (b) a pair
of clocking inputs, one for UP, one for
DOWN. Examples are the ' 191 and ' 193,
respectively. The '569 and '579 are useful
8-bit up/down counters.

Load and clear

Most counters have data inputs so that
they can be preset to a given count. This
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is handy if you want to make a modulo-

n counter, for example. The load func-

tion can be either synchronous or asyn-

chronous: the' 160—' 163 have synchronous

load, which means that data on the input

lines are transferred to the counter coinci-

dent with the next clock edge, if the LOAD'

line is also asserted LOW; the ' 190—' 193

are asynchronous, or jam-load, which

means that input data are transferred to

the counter when LOAD' is asserted, inde-

pendent of the clock. The term "parallel

load" is sometimes used, since all bits are

loaded at the same time.
The CLEAR (or RESET) function is a

form of presetting. The majority of coun-

ters have ajam-type CLEAR function,

though some have synchronous CLEAR;

for example, the ' 160/ 161 are j am CLEAR,

while the '162/163 are synchronous

CLEAR.

counter fits in a 16-pin package. The '593
is similar, but in a 20-pin package.

If you want a counter to use with a
display, there are several that combine
counter, latch, 7-segment decoder, and

driver on one chip. An example is the
74C925-74C928 series of 4-digit counters.
Another amusing chip is the TIL306/7, a

counter with display on one chip: You

just look at the IC, which lights up with a

digit telling the count! Figure 8.71 shows

a nice LSI (large-scale-integration) counter

circuit that doesn't require a lot of support

circuits.
Table 8.10 at the end of the chapter

lists most of the counter chips that you

might want to use. Many of them are only

available in one family (e.g., LS or F), so

be sure to check the data books before you

design with them.

Other counter features

Some counters feature latches on the out-

put lines; these are always of the transpar-

ent type, so the counter can be used as

if no latch were present. (Keep in mind

that any counter with parallel-load inputs

can function as latch, but you can't count

at the same time as data are held, as you

can with acounter/latch chip.) The combi-

nation of counter plus latch is sometimes

very convenient, e.g., if you want to dis-

play or output the previous count while

beginning a new counting cycle. Ina fre-

quency counter this would allow a stable

display, with updating after each counting

cycle, rather than a display that repeatedly

gets reset to zero and then counts up.

There are counters with three-state out-

puts. These are great for applications

where the digits (or 4-bit groups) are multi-

plexed onto a bus for display or transfer to

some other device. An example is the'779,

an 8-bit synchronous binary counter whose

three-state outputs also serve as parallel

inputs; by sharing input/output lines, the

8.26 Shift registers

If you connect a series of flip-flops so

that each Q output drives the next D

input, and all clock inputs are driven

simultaneously, you get what's called a

"shift register." At each clock pulse the

pattern of 0's and 1's in the register shifts

to the right, with the data at the first D

input entering from the left. As with flip-

flops, the data present at the serial input

just prior to the clock pulse are entered,

and there is the usual propagation delay to

the outputs. Thus they may be cascaded

without fear of a logic race. Shift registers

are very useful for conversion of parallel

data (n bits present simultaneously, on n

separate lines) to serial data (one bit after

another, on a single data line), and vice

versa. They're also handy as memories,

particularly if the data are always read and

written in order. As with counters and

latches, shift registers come in a pleasant

variety of prefab styles. The important

things to look for are the following:
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Figure 8.71. Intersil 7216 8-digit IOMHz universal counter on a chip. (Courtesy of Intersil, Inc.)

Size

The 4-bit and 8-bit registers are standard,
with some larger sizes available (up to
64 bits or more). There are even variable-
length registers (e.g., the 4557: 1 to 64
stages, set by a 6-bit input).

Organization

Shift registers are usually 1 bit wide, but
there are also dual-, quad-, and hex-
width registers. Most shift registers only
shift right, but there are bidirectional
registers like the ' 194 and '323 that have
a "direction" input (Fig. 8.72). Watch
out for trickery like the "bidirectional"
'95, which can shift left only by tying
each output bit to the previous input, then
doing a parallel load.

Inputs and outputs

Small shift registers can provide parallel
inputs or outputs, and usually do; an
example is the '395, a 4-bit parallel-in,
parallel-out (PI/PO) shift register with
three-state outputs. Larger registers may
only provide serial input or output, i.e.,
only the input to the first flip-flop or the
output from the last is accessible. In some
cases a few selected intermediate taps are
provided. One way to provide both par-
allel input and output in a small package
is to share input and output (three-state)
on the same pins, e.g., the '299, an 8-
bit bidirectional PI/PO register in a 20-
pin package. Some shift registers include
a latch at the input or output, so shifting
can go on while data are being loaded or
unloaded.
As with counters, parallel LOAD and

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



SEQUENTIAL FUNCTIONS AVAILABLE AS ICs
8.27 Sequential PALS

oucPucs
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> CLK

of 30MHz (see timing diagram), which
is the same as that of an integrated (but
much smaller) HC-type shift register. This
technique can be used to produce very
large shift registers, if desired.

RESET '194 
input

(shift left)
input
(shift right)

so s, a e c a

~~ ~~
mode parallel-load
i nputs: inputs

EXERCISE 8.28

In the circuit of Figure 8.73, input data seem to

go into the same location that output data are

read from. Nevertheless, the circuit behaves

identically to a classic 256-word shift register.

Explain why.

S' ~ 8.27 Sequential PALS
0 0 INHIBIT

1 0 SHIFTR

0 1 SHIFT L

1 1 PARALLEL
LOAD

Figure 8.72. ' 194 4-bit bidirectional shift
register.

CLEAR can be either synchronous or jam-

load; for example, the '323 is the same as
the '299, but with synchronous clear.
Table 8.11 at the end of the chapter lists

the shift registers you're likely to use. As

always, not all types are available in all

logic families; be sure to check the data
books.

RAMs as shift registers

A random-access memory can always be
used as a shift register (but not vice versa)

by using an external counter to generate
successive addresses. Figure 8.73 shows
the idea. An 8-bit synchronous up/down

counter generates successive addresses for

a 256-word x 4-bit CMOS RAM. The com-
bination behaves like a quad 256-bit shift
register, with left/right direction of shift
selected by the counter's UP/DOWN' con-

trol line. The other inputs of the counter

are shown enabled for counting. By choos-
ing afast counter and memory, we were
able to achieve a maximum clocking rate

The combinational (gates-only) PALS we
talked about in Section 8.15 belong to a
larger family that includes devices with
various numbers of on-chip D-type reg-
isters (called "registered PALS"). Typical
of these PALS is the 16R8, shown in Fig-
ure 8.74. The programmable-AND/fixed-
OR array typical of combinational PALs
generates the input levels for 8 synchro-
nously clocked D-type registers with three-
state outputs; the register outputs (and
their inverts) are available, along with the
standard input pins, as inputs to the logic
array. If you look back at Figure 8.57,
you'll see that a registered PAL is a general-
purpose sequential circuit element; within
limits set by the number of registers and
gates available, you can construct just
about anything you want. For instance,
you could make a shift register or counter,
or some of both! In practice, you're more
likely to make some custom piece of logic
that is part of a larger circuit, for which
the alternative is "discrete" logic built with
gates and flip-flops. Let's look at some ex-
amples.

Hand-generated fuse maps

Simple designs can be implemented in
PALs by figuring out the logic, then burn-
ing the appropriate pattern into the fuse
array with a "PAL programmer." As an
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example, let's imagine we want a 4-input
multiplexer with latched outputs. We can
write the logic equation for the multiplexer
portion (i.e., the D-input to the flip-flop) as

Q.d=to*So*Si+II*So*Si 

-I-I2*So*Sl y-I3*5o*Si

n

Lout

all delays in ns

Figure 8.73. A. Large shift register made
from RAM plus counter; the slash indi-
cates multiple lines, in this case a
4-bit-wide data path.
B. Timing diagram to calculate maxi-
mum clocking rate, assuming worst-case
timing specifications.
C. Calculation showing worst-case se-
quence of delays in a single clock cycle.

where the inputs So and Sl address the
selected input Io—I3 and "*" and "+"
represent AND and OR. A registered PAL
makes it easy to latch the result. Note
that we have used the OR of 3-input
ANDs, rather than first decoding the select
address in 2-input ANDs, because we
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Figure 8.74. The 16R8 registered PAL has 8 external inputs, 8 outputs, a clock, and athree-
state 529

control line. The register outputs are also available as input to the AND array. (Di
agram courtesy

of Advanced Mircro Devices of Sunnyvale, California.)
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are constrained to use a sum of products
(it's also faster). The finished design is

.g . , .,. ~....~e. ....ices a

subtlety to this circuit; see "Glitches" at
the end of this section.)

PALASM

For circuits of any reasonable complexity,
some PAL logic design aids are needed.
For example, a 16L8 PAL has 2048 fuses; a
complex design might require you to blow
a few hundred of them, and unless you're
unusually compulsive you're unlikely to
succeed in manually specifying them all
correctly to a PAL programmer.
PALASM (PAL Assembler; trademark

of Monolithic Memories Inc.), developed
by Monolithic Memories (the inventor of
the PAL), was one of the first design aids.
It takes Boolean expressions, like the one
we wrote above, and converts them to fuse
maps. No logic minimization is performed
by the program, so you have to do most
of the hard work yourself. However,
PALASM does let you input a set of test
states (called "test vectors"), giving you
back the outputs that would result from
your Boolean specification. In that way
you can debug your equations before mak-
ing the PAL.
PALASM is widely available. There

are FORTRAN source code listings, and
versions to run on popular microcomput-
ers, which can then send the fuse map
to a PAL programmer (in standardized

"JEDEC" format) via a serial port. Many
PAL programmers with built-in micropro-
G~~SGi~ iiiClUUG ~ I`CS1CiCIIC Yt1'L!'\Jl'Vl~ some
examples are Data I/O, Digilec, Stag, and
Structured Design. With these you just
hook up a terminal and you're in busi-
ness.

ABEL and CUPL

PALASM is a help, but the serious PAL
user needs more. High-level program-
mable-logic languages like ABEL (from
Data I/O) and CUPL (from Logical De-
vices, Inc.) make programming PALs (and
PLAs) easy work. They let you specify
logic either by Boolean expressions or truth
tables; for sequential circuits you give the
states and transition rules. Like any good
high-level language, you can define arrays
(for a set of signals, e.g., an address bus),
expressions, and intermediate values, then
use them in later expressions.
These languages are smart enough to

convert truth tables to logic equations, then
minimize them (as well as any Boolean
expressions you supplied) via logical iden-
tities, finally resulting in a form that fits
the logic constraints of the device (e.g.,
sum of products, for a PAL). Instead of
writing down the explicit logic expression
for a range of values, you can just write
something like ADDR:[10..FF], which will
be converted to appropriate logic. These
languages also let you specify test vectors,
with which it tests your specified design;

/o ~i ~Z /3 So S~ CLK

Figure 8.75. Latched 4-input multiplexer implemented in a PAL.
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the test vectors can also be sent to the pro-

grammer to test the actual programmed

chip. Finally, these languages provide stan-

dardized documentation of the finished

chip, which is essential when you've got to

debug a gadget with these mystery devices

in it.
Just to make these ideas concrete, let's

look at both combinational and sequential

design examples using CUPL.

CUPL example: 7-segment-to-hex enco-

der (combinational). There are times when

you might like to use an available LSI chip

that performs a convenient function (e.g.,

a stopwatch or calculator) as part of an in-

strument you're building. The trouble is

that these LSI chips usually provide out-

puts to drive 7-segment displays directly,

rather than the hexadecimal (or BCD) out-

puts that you want. Therefore let's design

an "encoder" chip that converts from 7-

segment back to 4-bit binary, a function

that is not available as a standard IC (al-

though there is a 7-segment-to-BCD en-

coder, the 74C915).
The inputs are the individual segment

signals, which are always labeled a—g;

see Figure 8.76, which also shows how

the digits A—F are represented with 7-

segment displays. Note that it is possible

to represent 9 and C in two ways, both

of which should be correctly recognized by

our logic. For the PAL, we choose a 16L8,

a

~ I 9 I b I_I I_I I— —I I— I—

el_Ic _I I I I_I I_ I_I I_
d

Figure 8.76. 7-segment display codes.

a 20-pin combinational part whose logic

was shown in Figure 8.45.
Figure 8.77 is the input to CUPL. We

assigned the (positive-true) segment drive

signals a—g as inputs, and the (negative-

true) hexadecimal bits DO—D3 as outputs.

CUPL lets you define intermediate vari-

ables that can be used in later expressions;

in this case it is convenient to define the

obvious variables zero through hexf, the

possible displayed digits in terms of

the segment inputs. These are simply large

product (AND) terms of the input segment

variables, which you can read from the

digit shapes in Figure 8.76. Finally, each

binary output bit is written as the sum

(OR) of the digit variables in which that

bit is set. We've used negative-true levels

because the 16L8 is an AND-NOR array,

thus minimizing logic. This completes the

logic specification to CUPL.

EXERCISE 8.29

Check for yourself that we did our work right

by drawing some of the displayed characters

as specified by our intermediate variables zero

through hexf.

CUPL first uses the intermediate vari-

able definitions to write the DO—D3 expres-

sions directly in terms of the input vari-

ables a—g, a job that an assembler like

PALASM would force us to do initially. At

this point the logic equations are in the de-

sirable AND-NOR form. However, we're

not finished yet, because the 16L8 (and all

other combinational PALs) permit at most

7 product terms in each sum, whereas we

have 9, 8, 9, and 10, respectively, for the

outputs DO—D3. One solution would be

to string each output through a second OR

gate, in order to get enough product terms

in the sum; this is generally considered

poor form because it doubles the propaga-

tion delay, though it wouldn't matter in a

slow application like this. The better solu-

tion is to perform a logic minimization, us-

ing logic identities, DeMorgan's formula,

etc.
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/** Inputs **/

PIN 1 = a /* segment a */
PTN 2 = b /* SCr~.~.ne .t b *i
PIN 3 = c /* segment c */
PIN 4 = d /* segment d */
PIN 5 = e /* segment e */
PIN 6 = f /* segment f */
PIN 7 = g /* segment g */

/** Outputs **/

PIN 19 = !D3 /* msb of hex encode */
PIN 18 = !D2 /* */
PIN 17 = !D1 /* */
PIN 16 = !DO /* lsb */

/** Declarations and Intermediate Variable Definitions **/

zero = a & b & c & d & e & f & ! g
one = !a & b & c & !d & !e & !f & !g
two = a & b & !c & d & e & !f & g ;
three = a & b & c & d & ! e & ! f & g
four = !a & b & c & !d & !e & f & g
five = a & !b & c & d & !e & f & g
six = a & !b & c & d & e & f & g ;
seven = a & b & c & !d & !e & !f & !g
eight = a& b& c& d& e& f& g
nine = a & b & c & ! d & ! e & f & g

# a & b & c & d & ! e & f & g / * two ways * /hexa = a & b & c & ! d & e & f & g
hexb = ! a & ! b & c & d & e & f & g
hexc = !a & ! b & !c & d & e & !f & g

# a & !b & !c & d & e & f & !g /* two ways */hexd = ! a & b & c & d & e & ! f & g
hexe = a & ! b & ! c & d & e & f & g
hexf = a & ! b & ! c & ! d & e & f & g

/** Logic Equations **/

D3 = eight # nine # hexa # hexb # hexc # hexd # hexe # hexf ;D2 = four # five # six # seven # hexc # hexd # hexe # hexf ;D1 = two # three # six # seven # hexa # hexb # hexe # hexf ;DO = one # three # five # seven # nine # hexb # hexd # hexf ;

Figure 8.77. 7-segment-to-hex encoder specification, written in CUPL language.

We ran CUPL's minimizer, producing
the product terms shown in Figure 8.78.
Luckily, all fit within the 7-product con-
straint. CUPL also draws a fuse map for
you (Fig. 8.79). Of course, you don't pro-

gram the PAL from that, but use instead a
direct download of the universal JEDEC
programming format. In this example,
CUPL has obviously made a laborious
problem simple.
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** Expanded Product Terms **

DO =>
a & b& c& d& !e & g

# a & b & c & !e & f & g
# a & c & d & !e & f & g
# b & c & !d & !e & !f & !g
# !a & !b & c & d & e & f & g
# a & !b & !c & !d & e & f & g
# !a & b & c & d & e & !f & g

Dl =>
a & !b & !c & e & f & g

# !b & c & d & e & f & g

# a & b & c & !d & e & f & g

# a & b & !c & d & e & !f & g

# a & b & c & d & !e & !f & g

# a & b & c & !d & !e & !f & !g

D2 =>
a & !b & !c & d & e & f

# a & !b & c & d & f & g

# a & !b & !c & e & f & g

# !a & b & c & !d & !e & f & g

# !a & b & c & d & e & !f & g

# !a & !b & !c & d & e & !f & g

# a & b & c & !d & !e & !f & !g

D3 =>
a & b& c& f& g

# a & !b & !c & d & e & f

# a & !b & !c & e & f & g

# !a & !b & c & d & e & f & g

# !a & b & c & d & e & !f & g

# !a & !b & !c & d & e & !f & g

DO.oe => 1
Dl.oe => 1

D2.oe => 1
D3 . oe => 1 Figure 8.78. 7-segment-to-hex encoder: minimized product terms.

CUPL example: vending machine (se-

quential). An arbitrary state machine (Sec-

tion 8.18) has a set of states and a set of

transition rules for moving between those

states at each clock edge. In general, the

transition rules depend both on the present

state and on the particular combination

of input levels present at the next clock

edge. You can implement a state machine

in programmable logic containing registers

if (a) there are enough register bits to rep-

resent all possible states (e.g., with 4 reg-

isters you could have up to 16 states) and

(b) there are enough inputs and logic gates

to implement the transition rules.

As an example, let's design a registered

PAL for the state diagram of Figure 8.80.

It's a vending machine, and it is supposed

to disgorge a bottle of fizzy sweet liquid

when 25 cents (or more) has been depo-

sited. There is some sort of coin interface

that gobbles up and recognizes money and

sends to our PAL a 2-bit input (C1, CO),

valid for one clock edge, indicating the

coin just deposited (O1 =nickel, 10 =

dime, 11 =quarter, 00 =slug or no coin).
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** Fuse Plot **

Pin #19
0000 --------------------------------
0032 x—x—x-----------x---x-----------
0064 —xx--x--x---x---x---------------
0096 —xx--x------x---x---x-----------
0128 —x—xx---x---x---x---x-----------
0160 x--xx---x---x----x--x-----------
0192 —x—x—x--x---x----x--x-----------
0224 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Pin #18
0256 --------------------------------
0288 —xx--x--x---x---x---------------
0320 —xx—x---x-------x---x-----------
0352 —xx--x------x---x---x-----------
0384 x--xx----x---x--x---x-----------
0416 x--xx---x---x----x--x-----------
0448 —x—x—x--x---x----x--x-----------
0480 x—x—x----x---x---x---x----------

Pin #17
0512 --------------------------------
0544 —xx--x------x---x---x-----------
0576 —x--x---x---x---x---x-----------
0608 x—x—x----x--x---x---x-----------
0640 x—x--x--x---x----x--x-----------
0672 x—x—x---x----x---x--x-----------
0704 x—x—x----x---x---x---x----------
0736 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Pin #16
0768 --------------------------------
0800 x—x—x-~--x----x------x-----------
0832 x—x—x--------x--x---x-----------
0864 --x—x---x----x--x---x-----------
0896 x---x----x---x---x---x----------
0928 —x—xx---x---x---x---x-----------
0960 —xx--x---x--x---x---x-----------
0992 x--xx---x---x----x--x-----------

LEGEND X fuse not blown
- fuse blown

Figure 8.79. 7-segment-to-hex en-
coder: fuse map.

The state machine's job is to add up the
total deposited and generate an output
called bottle when there's enough money.
Figure 8.81 shows the specification, in

CUPL's state-machine syntax. As before,
we begin by defining input and output
pins. Note that we've added a reset
input so that you can initialize to the
state SO (no money). Next we define the
states, then the rules for moving between
them. If any outputs, either registered

or combinational, need to be generated
during states or transitions between states,
they are specified at the same time. In this
example, for instance, the output bottle
has been specified as a separate output
register, so that no output state decoding
is needed. In fact, this is the only output
needed, and the state-machine bits QO-2
could by implemented in internal registers
that don't generate outputs directly; some
programmable logic devices have such
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no coin Incl

S

Figure 8.80. Vending machine state diagram.

/** Inputs **/

"buried" registers, in addition to the usual
output registers.
Note that you have to specify explicitly

the transition from a state to itself, as we
have done here for the input nocoin. An

unspecified condition implicitly resets the

state to all zeros. That is because these

conditionals are compiled into combina-
tional logic to assert the D inputs of the
registers, and thus if the condition is not
met, the corresponding D input is not as-
serted.
Figure 8.82 shows the output from

CUPL. There is nothing obvious or sim-

ple about the logic, because both the ma-
chine state (SO—SS) and the input variable
(CO-1) are specified as binary numbers,
whereas the logic operates on individual

Pin 1 = clk /* clock -- positive edge */
Pin 3 = c0 /* coin type -- low bit */
Pin 4 = cl /* coin type -- - high bit */
Pin 6 = reset /* reset input */

/** Outputs **/

Pin 18 = !QO /* bit 0 of state variable */
Pin 17 = !Q1 /* bit 1 */
Pin 16 = !Q2 /* bit 2 */
Pin 15 = !bottle /* bottle disgorge command */

/* Define machine states with symbolic names;
"enough" = 25 cents or more */

$define SO 'b'000
$define S5 'b'001
$define S10 'b'O10
$define S15 'b'O11
$define S20 'b'100
$define ENOUGH 'b'101

/* define intermediate variables */

nocoin = !c0 & !cl & !reset;
nickel = c0 & !cl & !reset;
dime = !c0 & c1 & !reset;
quarter = c0 & cl & !reset;

/* Define state bit variable field */

field statebit = [Q2..0] ;

Figure 8.81. Vending machine specification (CUPL). (Continued on next page.)
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/* Transition rules for vending machine */

sequence statebit
present SO if nocoin next S0;

if nickel next S5;
if dime next S10;
if quarter next ENOUGH out bottle;

present S5 if nocoin next S5;
if nickel next 510;
if dime next 515;
if quarter next ENOUGH out bottle;

present S10 if nocoin next 510;
if nickel next 515;
if dime next S20;
if quarter next ENOUGH out bottle;

present S15 if nocoin next S15;
if nickel next 520;
if dime next ENOUGH out bottle;
if quarter next ENOUGH out bottle;

present S20 if nocoin next S20;
if nickel next ENOUGH out bottle;
if dime next ENOUGH out bottle;
if quarter next ENOUGH out bottle;

present ENOUGH next S0; }

Figure 8.81. (cont.)

bits. Thus, the resulting logic does not
bear much relation to the original state
description (Fig. 8.81). In fact, the par-
ticular choice of states (ascending binary,
0-5) could have been chosen differently,
completely changing the resulting logic. In
this case, this example fits easily within the
constraints of the 16R6 PAL (8 product
terms per register); if it had not, we could
have tried redefining the states, which of-
ten leads to a simpler logic realization.
Note that the reset input acts by an over-
riding disassertion of all D inputs, which
we forced by our definition of the interme-
diate variables nocoin, nickel, etc.

EXERCISE 8.30
Verify that the finished logic equations are cor-
rect, by checking a few transition rules. You
might try all the transitions from 00, or a nickel
or dime from some other state.

EXERCISE 8.31
Good vending machines give change. Redraw
the state diagram (Fig. 8.80) so that there are
states (how many?)for each possible amount of
change. Modify the transition rules accordingly.
Make sure your modified vending machine still
does its primary job -dispensing bottles.

EXERCISE 8.32
Draw a state diagram and transition rules for an
electronic combination lock: It should open only
if four digits are entered in the correct order. Any
error should reset it.

Hints for using programmable logic
devices (PLDs)

For certain jobs, PLDs really hit the spot.
Here are the most important uses and
advantages of PLDs:

Petitioner Intel Corp., Ex. 1037 
IPR2023-00783



SEQUENTIAL FUNCTIONS AVAILABLE AS ICs
8.27 Sequential PALS 537

** Expanded Product Terms **

QO.d =>
!QO & !Q1 & c0 & !reset

# !QO & !Q2 & c0 & !reset
# QO & !Q2 & !c0 & !reset
# QO & !Q2 & cl & !reset
# !QO & !Q1 & Q2 & cl & !reset

Ql.d =>
!Q1 & !Q2 & 'c0 & cl & !reset

# !QO & Q1 & !Q2 & !cl & !reset
# Q1 & !Q2 & !c0 & !cl & !reset
# QO & !Q1 & !Q2 & c0 & !cl & !reset

Q2.d =>
!QO & !Q1 & Q2 & !reset

# Q1 & !Q2 & cl & !reset
# !Q2 & c0 & c1 & !reset
# QO & Q1 & !Q2 & c0 & !reset

bottle d =>
!Q2 & c0 & cl & !reset

# !QO & !Q1 & Q2 & c0 & !reset
# !QO & !Q1 & Q2 & cl & !reset
# QO & Q1 & !Q2 & cl & !reset

statebit =>
Q2 Q1 , QO Figure 8.82. Vending machine: CUPL output.

State machines. As in the foregoing ex-

ample, the programmable logic device is a

natural for an arbitrary synchronous state

machine. You would be foolish to use an

array of D flip-flops and discrete combi-

national logic when a PAL does the job in

one inexpensive and powerful package.

Replacing "random"logic. Within many

circuits you find little knots and tangles of

gates, inverters, and flip-flops, scornfully

referred to as random logic, or glue. A

PLD will generally cut the package count

by a factor of 4 or more. It also gener-

ally results in cleaner design, because the

enormous number of gates available means

that you can do all your gating at the in-

puts to the registers (resulting in strictly

synchronous outputs), instead of the gate-

conserving method of also combining reg-

ister outputs via gates. With the latter the

outputs are not strictly synchronous; Fig-

ure 8.83.

Flexibility. Sometimes you're not quite

sure how you ultimately want some circuit

to work, yet you must finish the design so

that you can play around with it. PLDs are

great here, because you can substitute one

with different programming at some later

stage, without the rewiring you'd have to

do if you had used discrete logic. With

PLDs, the circuit is a form of software!

Multiple versions. PLDs make it pos-

sible to design a single circuit, then pro-

duce several different versions of the in-

strument by populating the board with dif-

ferent PLDs. For example, you could have

a computer that could accept either 256K

or 1 M memory chips, with just a change

of PAL.

Speed and inventory. With PLDs you

can generally get the design job done more

quickly (once you've learned the ropes).

Furthermore, you only need to stock a

few PLD types, ratter than dozens of
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