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Preface

One of the most important developments ever to have taken place in the
digital integrated circuit field has been the introduction and development of
the technology known as CMOS, COS/MOS, or COSMOS. CMOS digital
ICs have considerable advantages over other digital IC types, including all
members of the TTL family. In particular, they can readily be operated from
unregulated supply voltages in the range 5 to 15 volts, draw virtually zero
quiescent or standby current, have near-infinite input impedances, and are
very easy to use. They are readily available in a large variety of device types,
ranging from simple inverters and gates to complex counters and decoders,
and have a multitude of practical applications in the home and the car as well
as in industry.

This book is intended to act as a useful single-volume guide to the CMOS
user, and is specifically aimed at the practical design engineer, technician, and
experimenter, as well as the electronics student and amateur. It deals with the
subject in an easy-to-read, down-to-earth, non-mathematical but very
comprehensive manner. [t starts off by explaining the basic principles and
characteristics of the CMOS family of devices (Chapter 1), and then
introduces the reader to the versatile 4007UB do-it-yourself CMOS IC, which
can be used in either the digital or the linear mode (Chapter 2).

The following chapters of the volume introduce the reader to progressively
more complex types of CMOS IC starting with simple inverter. gate and logic
ICs and circuits, and ending with complex counters and decoders. The final
chapter presents a miscellancous collection of two dozen useful CMOS
circuits.

Throughout the volume, great emphasis is placed on practical user
information and circuitry, and the book abounds with useful circuits, tables,
and graphs. All ICs used are inexpensive and readily available types, with
universally recognized type numbers. Where possible, the outlines and pin
notations of all ICs are given near the appropriate part of the text.






1 Basic principles

Digital integrated circuits (ICs) have been available for a good many years
now, and most readers will be familiar with common logic family names such
as TTL (transistor-transistor logic) and ECL (emitter-coupled logic), as well
as those of older families such as RTL (resistor-transistor logic) and DTL
(diode-transistor logic). Each of these families offers (or offered) its own
particular advantages when compared with the other types, but all of them
share a number of common disadvantages.

The most significant of these disadvantages are high quiescent current
requirements (typically 5 mA per gate), tight power supply requirements
(supplies typically have to be regulated to within 10 per cent of a specific
value), low input impedance (typically a few hundred ohms per gate), and
poor noise immunity (meaning that gates can easily be triggered by spikes on
the input or supply lines).

Intheearly 1970s a new and startlingly different type of digital IC appeared
on the scene, and rapidly started to push all of the older families into
obsolescence in low- to medium-speed applications. This new family of
devices is known as COS/MOS or CMOS (complementary-symmetry metal
oxide semiconductor), and it suffers from none of the disadvantages of the
earlier families.

Specifically, CMOS ICs typically draw quiescent currents of a mere
0.01 1A per gate, can be operated from any supply voltage within the range
3to 15 volts, have a typical input impedance of about a million megohms per
gate (but are fully protected against static-charge damage via built-in safety
circuitry), and have inherently excellent noise immunity that enables the ICs
to safely tolerate input spikes up to about 50 per cent of the supply voltage
without upset.
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CMOS digital ICs have excellent thermal characteristics; low-cost com-
mercial types are designed to operate over the temperature range —40°C to
+85°C, while the more expensive military versions can operate from —55°C
to +125°C.

CMOS digital ICs are incredibly versatile devices; in the following chapters
of this book we look at some of the many different types of IC that are now
available within the CMOS family, and show how to use them. In this chapter,
however, we simply explain the basic operating principles and characteristics
of CMOS, and mention a few basic usage rules.

CMOS

The simplest type of circuit that can occur in any digital logic family is the
inverter or NOT gate, and this element forms the basis of virtually every other
type of circuit element that is used in digital electronics. Figure 1.1(a) shows
the standard symbol of the digital inverter, and Figure 1.1(b) shows its RTL
or resistor-transistor logic equivalent.

+5V

R,
500 2

Ry
in out Q
500 2 out
oV
(a) (o)

Figure 1.1 (a) Symbol and (b) RTL equivalent of tne digital inverter

Operation of the Figure 1.1(b) circuit is quite simple. Inputs and outputs
are always either low (grounded or at logic-0) or high (at positive supply
voltage or logic-1). When the inputis low, zero base driveis fed to Q,,s0 Q, is
cut off and its output is high: the quiescent current is virtually zero. When, on
the other hand, the input is high, heavy base drive is applied to Q, via R, so
Q, isdriven to saturation and its output falls to the logic-0 level; the quiescent
current is about 10 mA under this condition.

Thus, the RTL inverter circuit of Figure 1.1(b) bas a fairly low input
impedance (about 1.5 kQ) and an output impedance of about 500 Q (R,), and
drawsa quiescent current of either near-zero or 10 mA. When driven by a low-
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frequency squarc wave, the circuit will draw a mean current of 5 mA. Now
compare this with its CMOS equivalent.

+t3to+ 15V

Q

1
(p-channel)

Q,

in (n-channel) out

Figure 1.2 Basic CMOS digital inverter circuit

Figure 1.2 shows the basic circuit of a CMOS digital inverter or NOT gate.
It comprises nothing more than a p-channel and an n-channel enhancement-
mode MOSFET (metal-oxide semiconductor field-effect transistor) wired in
scries between the two supply lines, with the MOSFET gates tied together at
the input terminal and with the output taken from the junction of the two
devices.

The input (gate) terminal of an enhancement-mode MOSFET presents a
near-infinite impedance to DC voltages, and the magnitude of an externally
applied gate-to-source voltage controls the magnitude of the drain-to-source
current flow. When these MOSFETs are used in the digital mode (with either
a logic-0 or a logic-1 input) they can be regarded as voltage-controlled
switches.

The basic digital action of the n-channel device is such that its drain-to-
source path acts like an open-circuit switch when the inputisatlogic-0, oras a
closed switch in scries with a 400 Q resistor when the input is at logic-1. The
p-channel MOSFET has the inverse of these characteristics, and acts like a
closed switch plus a 400 Q resistance with a logic-0 input. and an open switch
with a logic-1 input. The basic action of the CMOS digital inverter circuit can
thus be understood by looking at Figure 1.3.

Figure 1.3(a) shows the digital equivalent of the CMOS inverter circuit
with a logic-0 input. Under this condition, Q, (the p-channel MOSFET) acts
like a closed switch in series with 400 Q, and Q, acts as an open switch. The
circuit thus draws zero quiescent current but can “source’ fairly large drive
currents into an external output-to-ground load via the 400 Q output
resistance (R,) of the inverter.

Figure 1.3(bh) shows the equivalent of the inverter circuit with a logic-1
input. In this case Q,; acts likc an open switch, but Q, (the n-channel
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Figure 1.3 Equivalent circuit of the CMOS digital inverter with (a) logic-0 and (b)
logic-1 inputs

MOSFET) acts like a closed switch in series with 400 Q. The inverter thus
draws zero quiescent current under this condition, but can “sink’ fairly large
currents from an external supply-to-outputload viaits internal 400 Q “output’
resistance (R;).

Thus, the basic CMOS digital inverter stage has a near-infinite input
impedance, draws near-zcro (typically 0.01 pA) quiescent current with a
logic-0 or logic-1 input, can source or sink substantial output currents, and
has an output that is made inherently short-circuit proof via the 400 Q output
impedance of the device. Note that, unlike a digital inverter based on bipolar
transistor technology, the output of the CMOS circuit can swing all the way
from zero to the full positive supply rail voltage value, since no potentials are
lost via saturation voltages or forward biased junction voltages etc. These
several characteristics arc in fact common to virtually all digital ICs in the
CMOS range.

Linear action

All digital signals take a finite time to switch from one logic state to the other,
and during this time the signal voltage can be said to have a ‘linear’ value.
Consequently, if the reader is to fully understand CMOS circuitry, it is
important that he/she should understand how the basic Figure 1.2 CMOS
inverter circuit reacts to the application of linear input voltages.

When an enhancement-mode MOSFET is used in the linear mode it acts as
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a voltage-controlled resistance. The n-channel device had a near-infinite
(about 10000 megohms) drain-to-source resistance with zero input voltage:
the resistance remains very high until the input rises to a ‘threshold’ value of
ébgut 1.5 to 2.5 volts, but then starts to decrease as the input voltage is
increased, eyentually falling to about 400 Q when the input equals the sypply
line voltage. The p-channel MOSFET characteristics are the reverse of these.

40 Vpp= 15V

LQ—}

w0l n-channel
Vas
- p-channel n-channel Y
E Lo | MOSFET MOSFET ov
B or _
Vpp= 15V

S
|
LQ—I

I/
p-channel

|
I Gs
|

15

o
ol
=
=3
N
(]
<
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Figure 1.4 Typical gate-voltage/drain-current characteristics of p- and n-channel
MOSFETs operated from a 15 volt supply

Thus, if either of these devices is used with a 15 volt supply, it will produce
one or other of the gate-voltage/drain-current curves shown in Figure 1.4.
Consequently, if the Figure 1.2 CMOS inverter stage is connected to a 15 volt
supply, it will produce the typical drain-current transfer graph of Figure 1.5,
and the voltage transfer graph of Figure 1.6. The Figure 1.2 circuit operationis
as follows.

Suppose the input voltage is slowly increased positive, starting from zero.
The inverter current is near-zero until the input exceeds the threshold voltage
of the n-channel MOSFET, at which pointits resistance starts to decrease and
that of the p-channel MOSFET starts to increase. Under this condition the
inverter current is dictated by the larger of the two resistances and is of
measurable proportions. When the input is appreciably /ess than half the
supply volts the n-channel MOSFET resistance is far greater than that of the
p-channel device, so the output of the circuit is high or at logic-1. When the
Mput voltage is appreciably niore than half the supply volts the resistance of
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Figure 1.6 Typical voltage transfer characteristics of the simple CMOS inve-
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the n-channel MOSFET is far less than that of the p-channel device, and the
output of the circuit is thus low or at logic-0.

When the input voltage is at approximately half the supply value a point is
reached where both MOSFETSs have roughly the same resistance value. At
this point the inverter starts to act as a lincar amplifier (giving a typical voltage
gain of about 30 dB), and a current of several milliamperes may flow through
the circuit; small changes of input voltage cause the output to swing sharply
from one logic state to the other. The value of input voltage needed to cause
this ‘switching’ action is known as the transition voltage, and is specified as a
percentage of the supply voltage. Transition voltages vary between 30 and 70
per cent of the supply value in practical CMOS ICs.

Finally, consider the case where the input of the Figure 1.2 circuit is high or
atlogic-1. In this case, when the voltage rises to within a couple of volts of the
supply value it exceeds the threshold value of the p-channel MOSFET, so the
p-channel MOSFET acts like an open switch and the n-channel device acts
like a 400 Q resistance. The inverter current thus falls to near-zero under this
condition.

Switching action

From the above description of CMOS linear action it should be clear that,
when CMOS is driven by digital switching waveforms, it draws a brief ‘pulse’
of suppy current each time it goes through a switching transition. This pulse
may have a peak amplitude of several milliamperes, and its duration depends
(mainly) on the rise or fall time of the switching waveform. The more often
CMOS changes state in a given time, the greater are the number of current
pulses that it takes from the supply and the greater is its mean current
consumption. Thus, CMOS current consumption is directly proportional to
switching frequency.

At frequencies of S MHz, CMOS logic draws roughly the same current as
its standard TTL equivalent. At 5 kHz it draws only one thousandth of the
current of TTL. Consequently, CMOS is best suited to low- or medium-speed
applications, although it is capable of operating as high as 10 MHz when
needed.

CMOS buffering

In early CMOS logic ICs the inverter circuit took the simple form shown in
Figure 1.2. Similarly, the two-input NOR and NAND gates took the basic
forms shown in Figures 2.18 and 2.20 respectively. These carly devices were
known as ‘A-series’ (no longer readily available) CMOS ICs, and suffered
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from two specific snags. The first snag is evident from the voltage transfer
.graph of Figure 1.6, which shows that (because of the inverter’s low linear
voltage gain) the output does not switch fully between logic states unless the
input also switches fully between these states. The second snag is that A-series
gates often have inherently different source and sink output impedances and
current-drive values. To overcome these snags a new CMOS series was
introduced, and is known as ‘buffered’ or ‘B-series” CMOS.

A B-series CMOS IC can be simply regarded as an A-series device with one
or more inverter stages wired in series with its output terminal (and sometimes
also in series with its inputs). Thus, a B-series inverter can be made by wiring
three A-series (Figure 1.2) inverters in series, as shown in Figure 1.7. The
resulting inverter has a typical linear voltage gain of 70 to 90 dB. and gives the
typical voltage transfer graph of Figure 1.8.

in A out

Figure 1.7 4 B-series CMOS inverter can be made by wiring three A-series tvpes in
series

15 \
Vop =15V

10 |—
>
;5

sl

LN
0 5 10 15

V.,V

n

Figure 1.8  Voltage transfer graph of the Figure 1.7 B-series inverter
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Figure 1.9  Alternative ways of making a B-series two-input NOR gate from A-series
CMOS elements

Similarly, Figure 1.9 shows that a B-series two-input NOR gate can be
made by wiring two A-series inverters in scries with the output of an A-series
NOR gate (Figure 2.18), or by wiring an inverter in serics with cach input and
the output of a two-input A-series NAND gate (Figure 2.20).

All B-series ICs carry a ‘B’ suffix in their type numbers (e.g. 4001B, 4093B).
The scrious disadvantages of B-series devices are that they have longer
propagation dclays and lower maximum operating frequencies than A-serics
devices, and arec also prone to oscillation if operated in the linear mode or with
slow input waveforms. Consequently, to meet special circuit design needs, a
number of CMOS ICs are still produced in A-style unbuffered form; such
devices carry a “UB’ suffix in their type numbers, as in the case of the 4007UB
that forms the basis of Chapter 2.

Three-state outputs
The standard CMOS inverter stage produces a two-state output that
(basically) is always in one or other of the low-impedance logic-0 or logic-1

states, as shown in Figure 1.3. Close inspection of Figure 1.3 should make it
clear, however, that a ‘third’ output state is also possible, and thisis thc one in

K
(disable)

in e out

Figure 1.10  Svmbol of three-state inverter
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which Q, and Q, are both acting as open-circuit switches and the output acts
as a ‘floating” high impedance. Some CMOS inverters are actually made with
this three-state facility built in (they sometimes form part of the output
circuitry of complex 1Cs). Figure .10 shows the standard symbol of the three-
state inverter (which has an additional K (control) or *disable’ terminal that
controls the third state). Figure 1.11 shows the equivalent circuit of the
inverter when the third state is operative.

+3to+15V

|
o
|
in e | out

gates |
| 2
| 400 Q
|

Figure 1.11  Equivalent circuit of the three-state inverter in its ‘third’ state

Input/output protection

The standard CMOS inverter circuit (on which all other CMOS digital ICs are
based) has a typical input impedance of about a million megohms. To protect
these inputs against the possibility of damage from static charges ctc., nearly
all ICs in the CMOS digital range have an integral diode-resistor protection
network on every input terminal; the output terminals are provided with
similar protection networks.

The precisc forms of these built-in protection networks are subject to some
variation, but they usually take the general form shown in Figure 1.12. In this
nctwork, diodes D, prevent the input voltage from going significantly above
the positive supply rail value, D, stop it from going below ground value, and
R, limits overload input currents to a few milliamperes. Similarly, D; and D,
prevent the output from going above the positive supply or below the ground
values, and Dy prevents the “positive’ rail from going negative to the ground
rail. R, and R, have typical values of a few hundred ohms, and all diodes have
a maximum current rating of about 10 mA.
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Vop (V4

CMOS out

Vgg (0V)

Figure 1.12 Typical CMOS inputioutput protection networks

CMOS usage rules

CMOS digital ICs are inherently very rugged devices and can withstand
considerable abuse without suffering damage. Their outputs, forexample, are
inherently short-circuit proof, and their inputs and outputs are internally
protected against excess voltages. There are in fact only three basic ways of
damaging a CMOS IC (other than by using excessive supply voltages or
exceeding power ratings): one of these is to connect the supply lines in the
wrong polarity, in which case very heavy current will flow through Ds of
Figure 1.12 and damage the 1C substrate.

The other ways of damaging CMOS are via a very low impedance input or
output ‘signal’ that is cither connected to the CMOS when its power supply is
switched off, or of such a large amplitude that it forces the input terminal
above the positive supply line or below the zero-volts rail. In cither casc, a
heavy current will flow through one or more of the D, to D4 protection
diodes, and the substrate will again be damaged. Both of these unlikely
possible sources of damage can be eliminated by simply wiring a 1 kQ resistor
in series with each input/output terminal, so that any current that does flow is
limited to a safe valuc of a few milliamperes.

Thus the basic usage rules of CMOS are quite simple. First. don’t break any
of the rules mentioned above. Second, always tie unused input terminals
directly to either ground or the positive supply line, depending on the logic
requircments. Finally, never let “used’ input terminals float; always take them
to cither ground or the positive line via a high-value resistor. That’s all there is
to 1t.
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The 4007UB is the simplest IC in the entire CMOS range. It contains little
more than two pairs of complementary MOSFETs, plus a simple CMOS
inverter stage; all of these elements are, however, independently accessible,
enabling them to be configured in a wide variety of ways, and thus making the
IC the most versatile in the entire CMOS range.

The 4007UB is an ideal device for demonstrating CMOS principles to
students, technicians, and engineers. It is sometimes known as the ‘design-it-
yourself® CMOS chip, and can readily be configured to act as a multiple
digital inverter, a NAND or NOR gate, a transmission gate, or a uniquely
versatile ‘micropower’ linear amplifier, oscillator, or multivibrator. We’ll
look at some practical examples of these applications later in this chapter. In
the meantime, let’s look at 4007UB basics.

4007UB basics

Figure 2.1({a) shows the functional diagram and pin numbering of the
4007UB, which houses two complementary pairs of independently accessible
MOSFETs, plus a third complementary pair that is connected in the form of a
standard CMOS inverter stage. Each of the three independent input terminals
of the IC is internally connected to the standard CMOS protection network
shown in Figure 2.1(b). All MOSFETs in the 4007UB are enhancement-
mode devices; Q;, Qs, and Qs are p-channel MOSFETs, and Q,, Q4, and Q4
are n-channel MOSFETs. Figure 2.1(c) shows the terminal notations of the
two MOSFET types; note that the B terminal represents the bulk substrate.

The term CMOS thus actually stands for complementary metal-oxide

12
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Figure 2.1 (a) Functional diagram of the 4007UB dual CMOS pair plus inverter.
(b) Internal input protection network ( within dashed lines) on each input of the 4007 UB.
(¢) MOSFET terminal notations: G =gate, D=drain S= source, B= bulk substrate

semiconductor field-effect transistors, and it is fair to say that all CMOS ICs
are designed around the basic elements shown in Figure 2.1. It is thus worth
getting a good basic understanding of these elements. Let’s look first at the
digital characteristics of the basic MOSFETs.

Digital operation
Theinput (gate) terminal of a MOSFET presents a near-infinite impedance to

DC voltages, and the magnitude of an external voltage applied to the gate
controls the magnitude of source-to drain current flow. The basic characteris-
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tics of the enhancement-mode n-channel MOSFET are that the source-to-
drain path is open circuit when the gate is at the same potential as the source,
but becomes a near short-circuit (a low-value resistance) when the gate is
heavily biased positive to the source. Thus the n-channel MOSFET can be
used as a digital inverter by wiring it as shown in Figure 2.2; with a logic-0
(zero volts) input the MOSFET is cut off and the output is at logic-1 (positive
rail voltage), but with a logic-1 input the output is at logic-0.

V+

in out
0 1
G
1 0
in

Figure 2.2 Digital inverter made from n-channel MOSFET

The basic characteristics of the enhancement-mode p-channel MOSFET
are that the source-to-drain path is open when the gate is at the same potential
as the source, but becomes a near short-circuit when the gate is heavily biased
negative to the source. The p-channel MOSFET can thus be used as a digital
inverter by wiring it as shown in Figure 2.3.

V+

P—I— in out

S
f Gl
b 0 1
in R
1
1kQ to 1 M@ |out ! 0
Y
7 o v

Figure 2.3 Digital inverter made from p-channel MOSFET

Note that in the Figures 2.2 and 2.3 inverter circuits the on currents of the
MOSFETs are determined by the value of R, and that these circuits draw a
finite quiescent current when they are in one of their logic states. This snag can
be overcome by connecting the complementary pair of MOSFETs in the
classic CMOS inverter configuration shown in Figure 2.4(a).
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—I :J Q
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in I :l Q2 out
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70V
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in out

0 1 in out

(¢)
(b)

Figure 2.4 (a) Circuits, (b) truth table and ( ¢) standard symbol of the CMOS digital
inverter

In Figure 2.4(a), with a logic-0 input applied, Q, is short circuited, so the
output is firmly tied to the logic-1 (positive rail) state, but Q, is open and the
inverter thus passes zero quiescent current via this transistor. With a logic-1
input applied, Q, is short circuited and the output is firmly tied to the logic-0
(zero volts) state, but Q, is open and the circuit again passes zero quiescent
current.

This zero quiescent current characteristic of the complementary MOSFET
inverter is one of the most important features of the CMOS range of digital
ICs, and the Figure 2.4(a) circuit forms the basis of almost the entire CMOS
family. Figure 2.4(c) shows the standard symbol used to represent a CMOS
inverter stage. Qs and Qg of the 4007UB are fixed-wired in this inverter
configuration.

Linear operation

To fully understand the operation and vagaries of CMOS circuitry, it is
necessary to understand the linear characteristics of basic MOSFETs.
Figure 2.5 shows the typical gate-voltage/drain-current graph of an n-channel
enhancement-mode MOSFET. Note that negligible drain current flows until
the gate voltage rises to a ‘threshold’ value of about 1.5 to 2.5 volts, but that
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Figure 2.5 Typical gate-voltageidrain-current characteristics of an n-channel
MOSFET

the drain current then increases almost linearly with further increases in gate
voltage.

Figure 2.6(a) shows how to connect an n-channel 4007UB MOSFET as a
linear inverting ampliider. R, serves as the drain load of Q,, and R,-R, bias
the gate so that the device operates in the linear mode. The R, value must be
selected to give the desired quiescent drain voltage, butis normally in the 18 to
100 kQ range. If you want the amplifier to give a very high input impedance,
wirea 10 MQ isolating resistor between the R,- R, junction and the gate of Q,,
as shown in Figure 2.6(b).

Figure 2.7 shows the typical Ip/Vpg characteristics of an n-channel
MOSFET at various fixed values of gate-to-source voltage. Imagine here
that. foreach set of curves, Vgisfixed at the V'pp voltage, but the V'pgoutput
voltage can be varied by altering the value of drain load Ry . The graph can be
divided into two characteristic regions, as indicated by the dashed line, these
being the triode region and the saturated region.

When the MOSFET is in the saturated region (with V'pg at some value in
the nominal range 50 to 100 per cent of V) the drain acts like a constant-
current source, with its current value controlled by Vg; alow Vg value gives
a low constant-current value, and a high Vg value gives a high constant-
current value. These saturated constant-current characteristics provide
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Q,
- out
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Figure 2.6 Methods of biasing an n-channel MOSFET as a linear inverting amplifier

CMOS with its output short-circuit proof feature and also determine its
operating speed limits at different supply voltage values.

When the MOSFET is in the triode region (with Vg at some value in the
nominal range 1 to 50 per cent of ¥V 5g) the drain acts like a voltage-controlled
resistance, with the resistance value increasing approximately as the square of
the Vg value.

The p-channel MOSFET has an Ip/Vpg characteristics graph that is
complementary to that of Figure 2.7. Consequently, the action of the standard
CMOS inverter of Figure 2.4 (which uses a complementary pair of
MOSFETs) is such that its current-drive capability into an external load, and
also its operating speed limits, increase in proportion to the supply rail
voltage.

Figure 2.8 shows the typical voltage transfer characteristics of the standard
CMOS inverter at different supply voltage values. Note that (onthe 15V Vpp
line, for example) the output voltage changes by only a small amount when
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Figure2.7 Typical Iy to Vg characteristics of the n-channel MOSFET at various fixed
values of Vgg

Vop =15V

Vpp= 10V

Figure 2.8 Typical voltage transfer characteristics of the 4007UB simple CMOS
inverter

the input voltage is shifted around the Vpp and 0 V levels, but when Vi, is
biased at roughly half the supply volts a small change of input voltage causes a
large change of output voltage: typically, the inverter gives a voltage gain of
about 30 dB when used with a 15 volt supply, or 40 dB at 5 volts. Figure 2.9
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Figure 2.9 Method of biasing the simple CMOS inverter for linear operation

shows how to connect the CMOS inverter as a linear amplifier; the circuit has
a typical bandwidth of 710 kHz at S volts supply, or 2.5 MHz at 15 volts.

Wiring three simple CMOS inverter stages in series (Figure 2.10(a)) gives
the direct equivalent of a modern B-series buffered CMOS inverter stage,
which has the overall voltage transfer graph of Figure 2.10(b). The B-series

pp=10V

(b)

Figure 2.10  Wiring three simple CMOS inverters in series (a) gives the equivalent of a
B-series buffered CMOS inverter, which has the transfer characteristics shown in (b)
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inverter typically gives 70 dB of linear voltage gain, but tends to be grossly
unstable when used in the linear mode.

IN
10— Fo=
Vpp =15V
<
5 —
Vpp =10V
0 VD[?: 5V |
0 N 10 N
Y
Figure 2.11  Drain-current transfer characteristics of the simple CMOS inverter

Finally, Figure 2.11 shows the drain-current transfer characteristics of the
simple CMOS inverter. Note that the drain current is zero when the inputis at
either zero or full supply volts, but rises to a maximum value (typically 0.5 mA
at S Vsupply,or 10.5mA at 15 V supply) when the input is at roughly half the
supply volts, under which condition both MOSFETs of the inverter are
biased on. In the 4007UB, these on currents can be reduced by wiring extra
resistance in series with the source of each MOSFET of the CMOS inverter;
this technique is used in the micropower circuits shown later in this chapter.

Using the 4007UB

The usage rules of the 4007UB are quite simple. In any specific application, all
unused elements of the device must be disabled. Complementary pairs of
MOSFETs can be disabled by connecting them as standard CMOS inverters
and tying their inputs to ground, as shown in Figure 2.12. Individual
MOSFETs can be disabled by tying their source to their substrate and leaving
the drain open circuit.

In use, the input terminals must not be allowed to rise above Vpp (the
supply voltage) or below Vg (zero volts). To use an n-channel MOSFET, the
source must be tied to Vg, either directly or via a current-limiting resistor. To
use a p-channel MOSFET, the source must be tied to Vpp, either directly or
via a current-limiting resistor.
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Vpp (+ ve)

Figure 2.12  Individual 4007UB complementary MOSFET pairs can be disabled by
connecting them as CMOS inverters and grounding their inputs

Practical circuits: digital

The 4007UB elements can be configured to act as any of a variety of standard
digital circuits. Figure 2.13 shows how to wirc it as a triple inverter, using all
three sets of complementary MOSFET vpairs. Figure 2.14 shows the
connections for making an inverter plus non-inverting buffer; here, the Q;-Q,
and Q;-Q, inverter stages are simply wired directly in series, to give an overall
non-inverting action.

The maximum source (load-driving) and sink (load-absorbing) outnut
currents of a simple CMOS inverter stage self-limit at 10 to 20 mA as one or
other of the output MOSFETs turns fully on. Higher sink currents can be
obtained by simply wiring n-channel MOSFETs in parallel in the output

VDD (+ ve)

Figure 2.13  4007UB triple inverter
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Vop (+ve)

out in

buffer

/7J770V

Figure 2.14  4007UB inverter plus non-inverting buffer

stage. Figure 2.15 shows how to wire the 4007UB so that it acts as a high-sink-
current inverter that will absorb triple the current of a normal inverter.
Similary, Figure 2.16 shows how to wire the 4007UB to act as a high-source-
current inverter, and Figure 2.17 shows the connections for making a single
inverter that will sink or source three times more current than a standard

inverter stage.

Vpp (+ ve)

)

10 . b 12
in e out
Joooddo
= e qu‘
Moy
Figure 2.15 4007UB high-sink-current inverter
Vpp (+ ve)
]
»Q 5 ::l Q 1 Q 3
in % ] ‘—l j out
12

—t

/77770v

Figure 2.16  4007UB high-source-current inverter
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Figure 2.17 4007UB high-power inverter, with triple the sink- and source-current
capability of a standard inverter

VDD(+ve)
__I 9 A B out
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Q, out 0 1
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B e

Figure 2.18 4007UB two-input NOR gate

The 4007UB is a perfect device for demonstrating the basic principles of
CMOS logic gates. Figure 2.18 shows the basic connections for making a two-
mput NOR gate. Note that the two n-channel MOSFETs arc wired in parallel
so that either can pull the output to ground from a logic-1 input, and the two

E'IT 12 out A
6 S s N D
T ’Jﬁf

Figure 2.19 4007UB three-input NOR gate
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p-channel MOSFETSs arc wired in series so that both must turn on to pull the
output high from a logic-0 input. The truth table shows the logic of the circuit.
A three-input NOR gate can be made by simply wiring three p-channel
MOSFETs in series and three n-channel MOSFETs in parallel, as shown in
Figure 2.19.

Fop (+ve)
Q1 B Q, A B out
L out 0 1
AF_LJ Ee . T
= out
B 1 0 1
Be : : I 1l 1] o

Figure 2.20 4007UB two-input NAND gate

Figure 2.20 shows how to wire the 4007UB as a two-input NAND gate. In
this case the two p-channel MOSFETs are wired in parallel and the two
n-channel MOSFETs are wired in series. A three-input NAND gate can be
made by similarly wiring three p-channel MOSFETs in parallel and three
n-channel MOSFETs in series.

in/out —:]— Qé(")

5 m/out
X ; \/+

Q3 (p) _ X o ooy
|
1
control -——]
control
o— 0 = open
1 = closed

Figure 2.21 4007UB transmission gate or bilateral switch

Figure 2.21 shows the basic circuit for using the 4007UB to make another
important CMOS clement, the so-called transmission gatc or bilateral switch.
This device acts like a near-perfect switch that can conduct signals in either
direction and can be turned on (closed) by applying a logic-1 to its control
terminal or turncd off (open) via a logic-0 control signal.

In Figure 2.21 an n-channel and a p-channel MOSFET are wired in parallel
(source-to-source and drain-to-drain), but their gate signals are applied in
anti-phase via the Q,-Q, inverter. To turn the Q;-Q¢ transmission gate on
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{closed), Qe gate is taken to logic-1 and Q3 gate to logic-0 via the inverter; to
turn the switch off. the gate polarities are simply reversed.

The 4007UB transmission gate has a near-infinite off resistance and an on
resistance of about 600 Q. It can handle all signals between zero volts and the
positive supply rail value. Note that, since the gate is bilateral, either of its
terminals can function as an input or output.

Iov Qg (m) .
o, !
Et -
X = X o— f
L Q4(n) ! o——eB
B 014—14: &i?lr control o——j
o 0=XtoB
T V+

I=XtoA

>
\QIN

w

14

control 6 13
-— O

Figure 2.22  4007UB two-way transmission gate

Finally, Figure 2.22 shows how the 4007UB can be wired as a dual
transmission gate that functions like a single-pole double-throw (SPDT)
switch. In this case the circuit uses two transmission clements, but their
control voltages are applied in anti-phase, so that one switch opens when the
other closes and vice versa. The X sides of the two gates are short circuited
together to give the desired SPDT action.

Practical circuits: linear

We've already seen in Figures 2.6 and Figure 2.9 that the basic 4007UB
MOSFETs and the CMOS inverter can be used as linear amplifiers.
Figure 2.23 shows the typical voltage gain and frequency characteristics of the
linear CMOS inverter when operated from three alternative supply rail values
(this graph assumes that the amplifier output is feeding into the high
impedance of a 10 MQ/15 pF oscilloscope probe). The output impedance of
the open-loop amplifier typically varies from 3 kQ at 15 volts supply to SkQ at
10 volts or 22 kQ at 5 volts, and it is the product of the output impedance and
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V..=5V
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frequency. Hz
Figure 2.23

Typical Ay, and frequency characteristics of the linear-mode basic CMOS
amplifier

output load capacitance that determines the bandwidth of the circuit;
increasing the output impedance or load capacitance reduces the bandwidth.
As you would expect from the voltage transfer graph of Figure 2.8, the
distortion characteristics of the CMOS linear amplifier are not wonderful.
Linearity is fairly good for small-amplitude signals (output amplitudesup to 3
volts peak-to-peak with a 15 V supply), but the distortion then increases
progressively as the output approaches the upper and lower supply limits.
Unlike a bipolar transistor circuit, the CMOS amplifier does not ‘clip’
excessive sinc wave signals, but progressively rounds off their peaks.

Figure 2.24  Typical 1,/Vypy characteristics of the linear-mode CMOS amplifier

Figure 2.24 shows the typical drain-current/supply-voltage characteristics
of the basic CMOS lincar amplifier. Note that the supply current typically
varies from 0.5 mA at 5 volts to 12.5 mA at 15 volts.
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Micropower circuits

In many applications, the quiescent supply current of the 4007UB CMOS
linear amplifier can be usefully reduced, at the expense of reduced amplifier
bandwidth, by wiring external resistors in series with the source terminals of
the two MOSFETs of the CMOS stage, as shown in the micropower circuit of
Figure 2.25. This diagram also shows the effect that different resistor values
have on the drain current, voltage gain, and bandwidth of the amplifier when
it is operated from a 15 volt supply and has its output feeding to a 10 MQ/
15 pF oscilloscope probe.

+15V p

—@—a V supply

out
oscilloscope

oV

R I Ay upper 3 dB

! D1 (V,,/Vip)| bandwidth
0 12.5 mA 20 2.7 MHz
100 2 8.2 mA 20 1.5 MHz
560 Q 3.9 mA 25 300 kHz
1k | 2.5 mA 30 150 kHz
5.6 k§2 | 600 uA 40 25 kHz
10 k2 | 370 uA 40 15 kHz
100 k2 | 40 A 30 2 kHz
1 M 4 uA 10 1 kHz

Figure 2.25 Micropower 4007UB CMOS linear amplifier, showing method of reducing
I, with measured performance details

It is important to appreciate that in the Figure 2.25 circuit these additional
resistors add to the output impedance of the amplifier (the output impedance
roughly equals the R, Ay product), and this impedance and the external load
resistance/capacitance have a great effect on the overall gain and bandwidth
of the circuit. When using 10 kQ values for R,, for example, if the load
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capacitance isincreased to 50 pF the bandwidth falls toabout 4 kHz, but if the
capacitance is reduced to a mere 5 pF the bandwidth increases to 45 kHz.
Similarly, if the resistive load is reduced from 10 MQ to 10kQ, the voltage gain
falls to unity. Thus, for significant gain, the load resistance must be large
relative to the output impedance of the amplifier.

The basic (unbiased) CMOS inverter stage has an input capacitance of
about 5 pF and an input resistance of near-infinity. Thus, if the output of the
Figure 2.25 circuit is fed directly to such a load, it will show a voltage gain of
about 30 and a bandwidth of 3 kHz when R, has a value of 1 MQ; it will even
give useful gain and bandwidth when R, has a value of 10 MQ, but will
consume a quiescent current of only 0.4 pA!

The CMOS linear amplifier can be used, in either its standard or its
micropower forms, to make a variety of fixed-gain amplifiers, mixers,
integrators, active filters and oscillators, etc. Three typical basic applications
are shown in Figure 2.26.

A particularly attractive 4007UB linear application is as a crystal oscillator,
as shown in Figure 2.27(a). Here, the CMOS amplifier is linearly biased via
R, and provides 180° phase shift, and the R,-C,-crystal-C, pi-type crystal
network gives an additional 180° of phase shift at the crystal resonant
frequency, thereby causing the circuit to oscillate.

in out

inputs 1 4 <
inputs 2 Ry
inputs 3 1 MQ
out in out
inputs 4
R, 1 MQ
oV oV
(b) (c)

Figure 2.26  The CMOS amplifier can be used in a variety of linear inverting amplifier
applications. Three typical examples are shown here: (a) x 10 inverting amplifier
(b) unity-gain four-input mixer (c) integrater
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Figure 2.27  Crystal oscillator using (a) standard and (b ) micropower 4007UB CMOS
linear inverter

If in the above circuit you simply want the crystal to provide a frequency
accuracy within 0.1 per cent or so, Ry can be replaced by a short-circuit and
C,-C, can be omitted; for ultra-high accuracy, the correct values of
R.-C,-C, must be individually determined (Figure 2.27 shows the typical
range of values). In micropower applications, R, can be incorporated in the
CMOS amplifier, as shown in Figure 2.27(b). If desired, the output of the
crystal oscillator can be fed directly to the input of an additional CMOS
inverter stage, for improved waveform shape/amplitude.

Practical circuits: astables

One of the most useful applications of the 4007UB is as a ring-of-three astable
multivibrator; Figure 2.28 shows the basic configuration of the circuit.
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Figure 2.29  This micropower ring-of-three symmetrical 4007UB astable consumes
[Spdaro V., § ydat 10V
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Waveform timing is controlled by the values of R, and C/, and the output
waveform A is approximately symmetrical. Note that for most of the
waveform period the front-end (waveform B) part of the circuit operates in
the linear mode, so the circuit consumes a significant running current.

In practice, the running current of the Figure 2.28 4007UB astable circuit is
higher than that of an identically configured B-series buffered CMOS IC such
as the 4001B, the comparative figures being 280 uA at 6 Vor 1.6 mA at 10V
for the 4007UB, against 12 A at 6 V or 75 pA at 10 V for the 4001B. The
4007UB circuit, however, has far lower propagation delays than the 4001B
and typically has a maximum astable operating speed that is three times
higher than that of the 4001B.

The running current of the 4007UB astable can be greatly reduced by
operating its first three stages in the micropower mode, as shown in
Figure 2.29. This technique is of particular value in low-frequency operation,
and the Figure 2.29 circuit in fact consumes a mere 1.5 uA at 6 Vor 8 uA at 10
V., these figures being far lower than those obtainable from any other IC in the
CMOS range. The frequency stability of the Figure 2.29 circuit is not,
however, very good, the period varying from 200 ms at 6 V to 80 ms at 10 V.

+10V <

out

120 ms

800 ms

Figure 2.30  This 4007UB asymmetrical ring-of-three astable consumes 2 ud ar 6 V,
Spdat 10V

Figure 2.30 shows how the 4007UB can be configured as an asymmetrical
ring-of-three astable. In this casc the ‘input’ of the circuit is applied to
n-channel MOSFET Q,. The circuit consumes a mere 2 pA at 6 V or 5 uA at
10 V.

Figure 2.31 shows how the symmetry of the above circuit can be varied by
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Ry D,

10 k2 IN 4148
L

300 us

900 ms

Figure 2.31  This dual-time-constant version of the 4007UB astable generates a very
narrow output pulse

shunting R, with the D,-R; network, so that the charge and discharge times
of C, are independently controlled. With the component values shown, the
circuit produces a 300 us pulse once every 900 ms and consumes a mere 2 uA at

6V ordSuAatl0V. R, D
1

R, IN4148
1
L TE—

-L'c1 10 MQ

=

1 ’/R3 1 mean W P
value at9 v

47 nF/10 k2 | 1.5 uA | 300 us | 900 ms

10 nF/33kQ [ 3.5 uA | 160 ps | 180 ms ]|

u ? !

Figure 2.32  This micropower version of the 4007UB dual-time-constant astable
consumes absolutely minimal currents
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Finally, to complete thislook at the 4007UB IC, Figure 2.32 shows how the
current consumption of the above circuit can be even further reduced by
operating the Q;- Qs CMOS inverterin the micropower mode. The table gives
details of circuit performance with alternative C; and R; values. This circuit
can give years of continuous operation from a single supply battery.



3 Inverter, gate, and logic
circuits

Pulse inverters, buffers, and gates are the most basic elements used in digital
electronics. When designing complex digital circuits, it is often necessary to
work out the most economic or cost-effective way of implementing these
elements. Sometimes it is best to use several discrete components (diodes,
resistors, transistors, etc.) to make an element, and at others it is best to use a
dedicated CMOS chip. How do you make the choice? We explain that in the
next few pages.

The best known logic gates are the OR, NOR, AND, NAND, EX-OR and
EX-NOR types. Less well known is ‘majority’ logic which, as the name
implies, gives an output only when the majority of an odd number of inputs
are high. Majority logic is useful in voting and pseudo-intelligent appli-
cations, such as decision-making in robotic and security systems etc. Com-
prehensive details of all these types of logic are given in this chapter.

Buffers and inverters

The most basic type of digital circuit is the simple pulse inverter. Figure 3.1(a)
shows the standard circuit symbol of the inverter, and Figure 3.1(b) shows its
truth table. Figure 3.1(¢) shows a discrete resistor-transistor version of the
inverter. In digital circuits, input and output signals are at either logic-0 (low,
or zero volts) or logic-1 (high, or at full supply rail voltage) levels. Thus in
Figure 3.1(¢), when the input is low (at logic-0) Q, is cut off and the output is
pulled high (logic-1) via R,, and when the input is high Q, is driven to
saturation and its output is pulled to zero volts. The importance of the Figure
3.1(b) truth table is that it illustrates this information in shorthand form.

34
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in out

in out 0 1

(a) (b) ()

Figure 3.1 (a) Standard symbol and (b) truth table of a digital inverter, with (¢) a
resistor-transistor version of the unit

The standard inverter 1s the most versatile of all logic elements. It can be
used to convert an OR gate into a NOR gate or vice versa, or to convert an
AND gate to a NAND gate or vice versa. A pair of inverters can be used to
make a bistable, monostable, or astable multivibrator, etc.

Usually, a practical inverter has an input impedance that is high relative to
its output impedance, and can be used as an impedance ‘buffer’. Not all
buffers are of the inverting type, and Figure 3.2(a) shows the standard circuit
symbol of a non-inverting buffer stage, which can be made by cascading two
inverting clements as shown in Figure 3.2(c).

in out
in out 0 0 in— out
N
(a) (b) (¢)

Figure 3.2 (a) Svmboland (b) truth table of a non-inverting buffer stuge, which can be
made by (c¢) cascading hwo inverter stages

Inverters and buffers are readily available in dedicated CMOS IC form,
and Figure 3.3 gives details of five popular examples. The 4041, 4049, and
4069 types usc the unbuffered (UB) low-gain CMOS construction form, and
the 4050 and 4502 use the high-gain buffered CMOS construction form.

The 4069UB is a simple general-purposc hex (six-element) inverter, housed
in a 14-pin package, and has ‘standard’ output drive capability. The 4049UB
hex inverting buffer and the 4050B hex non-inverting buffer, on the other
hand, have high output drive capability and arc specifically intended to drive
TTL loads; they can accept input signal levels far higher than the supply
voltage, and so can be used to give signal-level translation between CMOS
and TTL circuits.
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Five popular CMOS inverter and buffer ICs

The 4041 UB also has a high output drive capability and can be used to drive
TTL, but it cannot accept inputs greater than its supply voltage. The device is
a quad inverting/non-inverting buffer. If, for example, an input is applied at
pin 3, an inverted output is available at pin 2 and a non-inverted output at

nl.

The 4502B is a hex inverting buffer capable of driving TTL loads, and has a
tristate output that can be selected via pin 4. When pin 4 is low the IC gives
‘normal’ inverting operation, but when pin 4 is high all outputs go into the
high-impedance tristate mode. The IC also has an ‘inhibit’ control terminal



Inverter, gate, and logic circuits 37

(pin 12), which is normally held low but which drives all outputs to ground (in
the normal mode) when pin 12 is taken high.

The basic guidance rules for using inverters and buffers in practical circuits
are quite simple. If you need a large number of stages, use as many dedicated
ICs as necessary. If you get to a point where you are short of just one or two
stages, see if you can make them from spare stages of existing logic ICs (we
show how later in this chapter) or, failing that, consider using simple resistor-
transistor stages of the Figure 3.1(c) type.

OR and NOR gates

Figure 3.4(a) shows the standard symbol of a two-input OR gate, and Figure
3.4(b) showsits truth table. As implied by its name, the output of an OR gate

A

A 0
1

1

1

(a) (b)

out

0

— o — o |w

1
1
1

Figure 3.4 (a) Symbol and (b) truth table of a two-input OR gate

goes high if any of its inputs (A OR Betc.) go high. The simplest way to make
an OR gate is to use a number of diodes and a single load resistor, as shown in
the three-input OR gate of Figure 3.5. The diode OR gate is reasonably fast,
very cost effective, and can readily be expanded to accept any number of
inputs by simply adding one more diode to the circuit for each new input.

D] note: D1 ~Dj are IN4148

A—pt—
B—p—
b, r
C—P+—
Rl out
10 kQ2

0V

Figure 3.5 Three-input diode OR gate

Figure 3.6(a) shows the standard symbol of a two-input NOR gate (which
functions like an OR gate with an inverted output) and Figure 3.6(b) shows
its truth table.
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A B out
0 0 1
A out 0 ! 0
B D 1 0] 0
1 1 0
(a) (b)

Figure 3.6 (a) Symbol and (b) truth table of a two-input NOR gate

v+

A—pt— A—p—

B ——4 B——¢

or C I |

€ —P—

out 100 k2

oy

Figure 3.7 The diode OR gate can be converted to a NOR type by feeding its output
through a transistor or IC inverter

Figure 3.7 shows how a diode OR gate can be converted to a NOR type by
feeding its output through a transistor or IC inverter stage. Figure 3.8 drives
this lesson home by pointing out that an OR gate can be made from a NOR
gate plus an inverter, or a NOR gate can be made from an OR gate plus an

inverter.
D
SRR
B B
A A
B B

out
(a)
Out = W out
Figure 3.8 An OR gate can be made froma NOR gate, or vice versa, by taking the output

(t)
via an inverter

Figure 3.9 shows that a NOR gate can be made to act asa standard inverter,
and an OR gate can be made to act as a non-inverting buffer, either by
grounding all but one of its inputs or by connecting all inputs in parallel.
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Figure3.9 A4 NOR gate can be convertedto an inverter, and an OR gate can be converted
to a non-inverting buffer
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4072B
dual four-input OR gate

Figure 3.10  Three popular CMOS OR gate ICs
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Figure 3.10 gives details of three popular CMOS OR gate ICs, the 4071B
quad two-input type, the 4075B triple three-input type, and the 4072B dual
four-input type. When using IC OR gates, note (Figure 3.1/(a)) that the
effective number of inputs can be reduced by grounding all unwanted inputs,
or can be increased (Figures 3.11(b) and 3.11(¢)) by adding more OR gates
(either integrated or discrete) to one of the inputs.

A A
B out B—— out
c
i D
oV E
(a) (b)
A
B out
¢ —>H
D —P 10
v ' k2
ov

(<)

Figure 3.1l The effective number of inputs of a CMOS OR gate can be (a) reduced by
grounding all unwanted inputs, or (b), (¢) increased by adding more OR gates to one of
the OR inputs

Figure 3.12 gives details of five popular CMOS NOR gate 1Cs. The 4001B,
4025B, and 4002B are quad two-input, triple three-input, and dual four-input
devices, respectively. The 4000B contains two three-input NOR gates and a
singleinverter, and the 4078 B is an eight-input gate that gives an OR output at
pin 1 and a NOR output at pin 13.

Note that, since a NOR gateisequal to an OR gate with aninverted output,
the effective number of inputs of a NOR gate can be increased or reduced by
using the techniques that have already been shown in Figure 3.11.

A design example

Figure 3.13 illustrates a simple example of logic design using OR and NOR
gates and inverters, the aim being to design a simple low-powered tone
generator (driving a PB-2720 or similar acoustic transducer) that can be
activated via any one of four inputs. Look first at Figure 3.13(a). At first sight,
the design seems to call for the use of a four-input OR gate, with its output
feeding to a gated tonec generator.

A suitable tone generator can be made by connecting a two-input NOR
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Figure 3.12  Popular CMOS NOR gate ICs

gate and an inverter in the standard astable configuration shown. However,
thisastable is gated on by low input signals, so (in Figure 3.13( a)) the required
circuit action can be obtained by interposing an inverting stage between the
output of the four-input OR gate and the input of the astable. The Figure
3.13(a) design thus calls for the use of three ICs.

Figure 3.13(b) shows a simple rationalization of the Figure 3.13(a) circuit
which enables the IC count to be reduced to two. Here, the four-input OR gate
plusinverter of Figure 3.13(a) is replaced by a four-input NOR gate, and the
inverter section of the astable is made from a two-input NOR gate with its
inputs short circuited together.
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1kQ

PB-2720

4072B

PB-2720

oV

(b)

Figure 3.13  Low-power tone generator activated by any one of four “high’ inputs. The
‘over-designed’ version shown in (a) uses three CMOS ICs, but the rationalized design
shown in (b ) uses only bvo CMOS chips. In ( ¢ the design is further rationalized so that it
uses only a single 1C

A B out
0 0 0
A rDim 0 1 0
B _ 1 0 0
1 1 I

(a) (b)

Figure 3.14  (a) Symbol and (b) truth table of a vvo-input AND gate
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Finally, Figure 3.13(¢) shows how the design can be further rationalized so
that it uses only a single IC (a triple three-input NOR gate) and a couple of
diodes. Here, the astable is made by converting a three-input NOR gate into a
two-input type by short circuiting two of its inputs together, and by short
circuiting all three inputs of another gate together to make aninverter, and the
input gate of the circuit is converted to a four-input type by connecting a two-
input diode OR gate to one of its inputs.

AND and NAND gates

Figure 3.14 shows the standard symbol and truth table of a two-input AND
gate which, as indicated by its name, gives a high output when all of its inputs
(A AND B etc.) go high. The simplest way to make an AND gate is to usc a
number of diodes and a single load resitor, as shown in the three-input AND
gate of Figure 3.15; more inputs can be obtained by simply adding one extra
diode for each new input.

V+
100 k2
A——i4
B —te]
C ¢ out
oV
Figure 3.15  Three-input diode AND gate
A B | out
0 0 1
A out v ! !
SN
- i 1 0

() (b)
Figure 3.16 (aj Symbol and (b) truth table of a two-input NAND gate

Figure 3.16(a) shows the standard symbol of a two-input NAND gate
(which functions like an AND gate with an inverted output) and Figure
3.16(b) shows its truth table. Figure 3.17 shows how a NAND gate can be
made from an AND gate and aninverter, and an AND gate can be made from
a NAND gate and an inverter.
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Figure 3.17 An AND gate can be made from a NAND gate, or vice versa, by taking the
outpul via an inverter
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ol b— or m—[NANDb' >
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) AND or in { AND = _>
in—
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Figure 3.18 A NAND gate can be made to act as an inverter, and an AND gate can be
made to act as a non-inverting buffer

Figure 3.18 shows that a NAND gate can be made to act as an inverter and
an AND gate can be made to act as a non-inverting buffer, either by wiring all

but one of the inputs to the positive (logic-1) rail or by wiring all inputs in
parallel.

L

A—D——out
B—1
(a)
A—
B —7} out
C
=
F—

(b)

Figure 3.19  The effective number of inputs of an AND or NAND gate can easily be
(a) reduced or (b) increased
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Figure 3.19 shows that the effective number of inputs of an AND or NAND
gate can be (a) reduced by wiring all unwanted inputs to the positive supply
rail, or (b) increased by wiring extra AND gates to one of the inputs.
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1 ~ _J14 1 N .J14
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4081B
quad two-input AND gate triple three-input AND gate

-

+3to 18V

3 TT;_{-— 2

6—NC 9
7 NC 8

/ZLJ()V
4082B

dual four-input AND gate

Figure 3.20 Three popular CMOS AND gate ICs

Figure 3.20 gives details of three popular CMOS AND gates, the 4081B
quad two-input type, the 4073B triple three-input type, and the 4082B dual
four-input type.
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Figure 3.21  Five popular CMOS NAND gate ICs

Figure 3.21 gives details of five popular CMOS NAND gates. The 4011B,
4023B, and 4012B are quad two-input, triple three-input and dual four-input
types, respectively. The 4068B is an eight-input device with both AND and
NAND outputs. The 40107B is a dual two-input NAND gate, housed in an
eight-pin package, with outputs via open-drain n-channel MOSFETs that
can sink about 136 mA.

EX-OR and EX-NOR gates
Figure 3.22(a) shows the standard symbol of a two-input EX-OR (exclusive-

OR) gate, and Figure 3.22(b) shows its truth table. The ouput of the EX-OR
gate goes high only when the two inputs differ. A useful feature of the EX-OR
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A B out
0 0 0
L | e ]
out
B 1 0 1
1 1 0

(a) (b)
Figure 3.22  (a) Symbol and ( B) truth table of a two-input EX-OR gate

gateis that it can be used as either an inverting or a non-inverting amplifier by
wiring or switching one of its inputs either to the positive (logic-1) supply rail
(inverting mode) or to ground (non-inverting mode), as shown in Figure 3.23.

V+
D
. out D out
in
/7780 v
(b)

(a)

Figure 3.23  Two-input EX-OR gate connected as (a) inverting and (b) non-inverting
amplifier

A B out

0 0 1
A out 0 1 0

1 0 0
B R

(a) (b)

Figure 3.24 (a) Symbol and (b) truth table of a two-input EX-NOR gate

Figure 3.24 shows the symbol and truth table of a two-input EX-NOR gate.
This logic element is equal to an EX-OR gate with an inverted output. It gives
a high output only when both inputs are identical, and is very useful in logic-
comparator applications. Figure 3.25 shows details of the two best known
CMOS EX devices, the 4070B quad EX-OR gate and the 4077B quad EX-
NOR gate.

Schmitt inverters and gates

CMOS inverters and gates are generally intended to be driven by logic signals
that are in either the fully high (logic-1) or fully low (logic-0) states. If inputs
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Figure 3.25 Two popular CMOS EX ICs
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Figure 3.26  Two popular CMOS Schmitt ICs

are allowed to linger between thesc two states for more than a few
microseconds. there is a danger that the inverter/gate will become unstable
and actasa high-frequency oscillator, thereby generating false output signals.

Consequently, if "slow” signals are present at one or more of the inputs of a
CMOS logic system, these signals must be ‘conditioned” (given fast risc and
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fall times) before they are applied to the actual logic circuitry. The most useful
conditioning element is the Schmitt trigger, and Figure 3.26 gives details of
two popular CMOS Schmitt 1Cs, the 40106B hex Schmitt inverter and the
4093B quad two-input NAND Schmitt trigger.

A programmable gate

Most CMOS logic 1Cs are dedicated devices; for example, the 4082B is a dual
four-input AND gate and can be used as nothing but an AND gate. One very
useful exception to this is the 4048B multifunction ‘programmable’ cight-
input gate, which has the functional diagram and outline shown in
Figure 3.27. This IC has two groups of four input pins, plus an ‘expansion’
input pin, and is provided with four control (K) pins which enable the user to
select the mode of logic operation.

binary control inputs

r —
3-state

function control CO);tro]

K, K, K. K +3to 18V
a C d J
| | I ‘ V+ output— | e 16 -—T
10 7 9 2
A ij 167 Ky—2 15 — expand
. B—
mnputs c 1o H_3 14_A
D—
i; 1 i “7* e
expand— J nputs inputs
s Etput F—s 121-C
inputs{g_i Ee 1pb
H 3 K, —7 10—K,
8
8 9+—K
/7)770v oV ,77; ¢
(a) (b)

Figure 3.27 (a) Functional diagram and (b) outline of the 4048B multifunction
expandable eight-inpur gate

Control input pin Kg4 (pin 2) enables the user to select either normal (pin 2
high) or high-impedance tristate (pin 2 low) output operation. The remaining
three binary control inputs (K,, Ky, and K¢) enable one of cight different logic
functions to be sclected, as shown by the table of Figure 3.28(a), which also
shows how to connect unwanted inputs in each mode of operation. Thus, to
make the 4048B act as a normal six-input OR gate, connect the two unwanted
inputs to ground (logic-0), and connect control pins K, and Ky, to ground and
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qutpm Ka Kb KC unused
function inputs
NOR 0 0 0 0
OR 0 0 1 0
OR/AND 0 1 0 0
OR/NAND | 0O 1 1 0
AND 1 0 0 1
NAND 1 0 1 1
AND/NOR | 1 1 0 1
AND/OR 1 1 1 1

K4 =1 for normal action

= 0 for high-Z outputs
expand input =0

gnws>

onw
o)

expand

OR/NAND
B B
D D
F F
H H

expand

expand

(a)

OR

o w

Qm

AND/OR

(b)

OR/AND

expand

o w

AND/NOR

L]

1]

Figure 3.28 (a) Function table and (b ) the eight basic logic configurations of the 4048 B
multifunction expandable eight-input gate

K. and Kg to the positive supply rail. The expand input (pin 15) is normally

tied to ground.

Eight different logic functions are available from the 4048B, as shown in
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Figure 3.28(b). Note that operation in the AND, OR, NAND, and NOR
modes is quite conventional, but that operation in the remaining four modes
(OR/AND, OR/NAND, AND/OR, and AND/NOR) is less self-evident. In
the latter cases the inputs are broken into two groups of four; each group
provides the first part of the logic function, but the pair of groups provides the
second part of the logic function. Thus, in the OR/AND mode, the circuit
gives a high output only if at least one input is present in the A to D group at
the same time as at least one input is present in the E to H group.

The expand input terminal of the 4048B enables ICs to be cascaded; thus,
for example, two ICs can be made to act as a sixteen-input gate by feeding the
output of one IC into the expand terminal of the other. Note when using
expanded logic that the input logic feeding the expand terminal is not
necessarily the same as the overall logic that is required. Thus an OR expand
input is needed for expanded NOR or OR operation, a NAND expand for
AND and NAND operation,a NOR expand for OR/AND operation,and an
AND expand for AND/OR or AND/NOR operation.

Majority logic
To conclude this chapter, let’s take a brief look at a little known logic system

known as majority logic, in which the logic unit has an odd number of inputs
(three, five, seven etc.) and gives an output only when the majority of inputs
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Figure 3.29  Details of the 4530B dual five-bit majority logic gate
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(two, three, four etc.) are high, irrespective of which inputs are active. This
type of logic is useful in some special applications, such as in voting machines
and semi-intelligent alarms and robotic devices. For example, an alarm bell
may sound only if at least two of three detectors indicate a ‘fault’ condition, or
arobot may move only if there is more stimulus to move than there is to stand
still.

The best known CMOS majority logic IC is the 4530B dual five-bit unit
(Figure 3.29), each half of which contains a five-input majority logic element
with its output feeding to one input of an EX-NOR gate that has its other
input (W) externally available, enabling it to be wired as either an inverting or
a non-inverting stage. Thus, when W is tied to logic-1, the EX-NOR stage
gives non-inverting action and the output of the element goes high only when
the majority of inputs are high. When W is tied to logic-0, the EX-NOR stage
gives an inverting action and the output of the element goes high when the
majority of inputs are low.

The effective number of inputs of a 4530B can be reduced by wiring half of
the unwanted inputs to logic-1 and the other half to logic-0 (Figure 3.30(a)).
The effective number of inputs can be increased by cascading elements, as
shown in Figure 3.30(b ), taking the output of one element to one of the inputs
of the following element.

V+ inputs< —

1 ]

inputs { — |—e out

inputs
ov ]

(a) (b)

m o N W

—e out

mToN®el|lmo N =

Figure 3.30  The number of effective inputs of a majority logic circuit can easily be
(a) decreased or (b) increased

The 4530B is actually fairly hard to find. Fortunately, however, majority
logic can easily be created by using a 3140 CMOS op-amp in the configuration
shown in Figure 3.31, which shows a five-input circuit. Here, the op-amp
functions as a voltage comparator, with potential divider R4-R applying half
the supply volts to pin 2 of the op-amp, and the five input resistors (which are
each connected to either ground or the positive supply rail) form a potential
divider that applies a fraction of the supply voltage to pin 3.

Suppose that two input resistors are connected to logic-0 and three resistors
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Figure 3.31  Simple five-input op-amp majority logic gate
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Figure 3.32  Compound five-input op-amp majority logic gate

go to logic-1. The three logic-1 resistors have a combined (paralleled)
impedance of 333 kQ, and the two logic-0 resistors have a combined
impedance of 500 kQ, so the resulting potential divider voltage on pin 3 is
greater than half the supply volts, causing the output of the op-amp
comparator to switch high. If, on the other hand, only two of the five inputs
are taken to logic-1, the resulting pin 3 voltage is below half the supply value
and the op-amp output is switched low. The circuit thus gives majority logic
action.

When 5 per cent resistors are used, the Figure 3.3/ circuit can be given any
number of inputs up to a maximum of eleven by simply adding one more
1 MQ resistor for each new input. The output of the circuit switches fully to
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zero volts when the output is low, but only rises to within a couple of volts of
the supply rail value when the output is high. In most applications this defect
is of little importance; it does, however, mean that elements cannot be
cascaded to increase the effective total number of inputs. This defect can be
overcome by using the alternative compound configuration of Figure 3.32 in
which the output is inverted and level shifted by Q,, and the inputs to the op-
amp are transposed. The output of this circuit switches to within 50 mV of
either supply rail, enabling units to be cascaded without limit.



4 Bilateral switches and
selectors

A CMOS bilateral switch or transmission gate can be regarded as a near-
perfect single-pole single-throw (SPST) electronic switch that can pass
analogue or digital signals in either direction and can be turned on (closed) or
off (opened) by applying a logic-1 or logic-0 signal to a single high-impedance
control terminal. Practical versions of such switches have a near-infinite off
impedance, and a typical on impedance in the range 90 to 300 Q.

Standard CMOS bilateral switches can be switched at rates ranging from
near-zero to several megahertz, and have many practical uses. They can, for
example, be used to replace mechanical switches in signal-carrying applica-
tions; the bilateral switch is DC controlled and placed directly on the PCB,
where it is needed, thus eliminating the problems of signal radiation and
interaction that normally occur when such signals are mechanically switched
via lengthy cables.

Athigher frequencies, CMOS bilateral switches can be used in such diverse
applications as signal gating, multiplexing, A-D and D-A conversion, digital
control of frequency, impedance and signal gain, the synthesis of multigang
potentiometers and capacitors, and the implementation of sample-and-hold
circuits. Practical examples of most of these applications are shown later in
this chapter.

Several types of CMOS multiple bilateral switch IC are available. These
range from simple types housing four independently accessible SPST bilateral
switches, to fairly complex types housing an array of bilateral switches and
logic networks arranged in the form of two independently accessible single-
pole eight-way bilateral switches or multiplexers/demultiplexers. Before we
take a detailed look at the range of such ICs, let’s look at the basis operating
principles and terminology of the bilateral switch.

55
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Figure 4.1 (a) Basic circuit and (b) equivalent circuit of the simple CMOS bilateral
switch

Basic principles

Figure 4.1 shows (a) the basic circuit and (b) the equivalent circuit of a simple
CMOS bilateral switch. Here, an n-type and a p-type MOSFET are effectively
wired in inverse parallel (drain-to-source and source-to-drain), but have their
gates biased in anti-phase from the control terminal via a pair of inverters.
When the control signal is at the logic-0 level, the gate of Q, is driven to Vpp
and the gate of Q; is driven to Vgg; under this condition both MOSFETSs are
cut off, and an effective open circuit exists between the X and Y points of the
circuit. When, on the other hand, the control signal is set at the logic-1 level,
the gate of Q, is driven to Vggand the gate of Q, isdriven to Vpp, and under
this condition both MOSFETs are driven to saturation, and a near short-
circuit exists between the X and Y points.

Note that, when Q, and Q, are saturated, signal currents can flow in either
direction between the X and Y terminals, provided that the signal voltages are
within the Vgg-to-Vpplimits. Each of the X and Y terminals can thus be used
as either an in or an out terminal.

In practice, Q; and Q, exhibit a finite resistance (Ron) when they are
saturated, and in this simple circuit the actual value of Ry, may vary from
300 Q to 1.5 kQ, depending on the magnitude of the Vss-to-Vpp supply
voltage and on the magnitude and polarity of the actual input signal. The
simple bilateral switch can thus be represented by the equivalent circuit of
Figure 4.1(b).

Figure 4.2 shows an improved version of the CMOS bilateral switch,
together with its equivalent circuit. This circuit is similar to the above, except
for the addition of a second bilateral switch (Q3-Q,) thatis wired in series with
Qs, with the ‘well’ of Q, tied to the Q; drain. These modifications cause Q,’s
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Figure 4.2 (a) Basic circuit and (b) equivalent circuit of the improved CMOS bilateral
switch

well to switch to Vgg when the Q,-Q, bilateral switch is off, but to be tied to
the X input terminal when the switch is on. This modification reduces the on
resistance of the Q;-Q, bilateral switch to about 90 Q and virtually eliminates
variations in its value with varying signal voltages etc., as indicated by the
equivalent circuit of Figure 4.2(b). The only disadvantage of the
Figure 4.2 circuit is that it has a slightly lower leakage resistance than that of
Figure 4.1.

Switch biasing

A CMOS bilateral switch can be used to switch or gate either digital or
analogue signals, but must be correctly biased to suit the type of signal being
controlled. Figure 4.3 shows the basic ways of activating and biasing the
bilateral switch. Figure 4.3(a) shows that the switch can be turned on (closed)
by taking the control terminal to Vpp, or turned off (open) by taking the
control terminal to Vgg,

In digital signal switching applications (Figure 4.3(b)) the bilateral switch
can be used with a single-ended supply, with Vg to zero volts and Vpp ata
positive value equal to (or greater than) that of the digital signal (up to a
maximum of + 18 volts). In analogue switching applications (Figure 4.3(c))a
split supply (either true or effective) must be used so that the signalis held ata
mean value of ‘zero’ volts; the positive supply rail goes to ¥'pp, which must be
greater than the peak positive voltage value of the input signal, and the
negative rail goes to Vggand must be greater than the peak negative value of
the input signal; the supply values are limited to plus or minus 9 volts
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Figure 4.3 Basic methods of turning the bilateral switch on and off (a), and power
connections for use with (b) digital and (c) analogue infout signals

maximum. Typically. the bilateral switch introduces less than 0.5 per cent of
signal distortion when used in the analogue mode.

Logic-level conversion

Note from the above description of the analogue system that, if a split supply
is used, the switch control signal must switch to the positive rail to turn the
bilateral switch on, and to the negative rail to turn the switch off. This
arrangement is inconvenient in many practical applications. Consequently,
some CMOS bilateral switch ICs (notably the 4051B to 4053B family) have
built-in logic-level conversion circuitry which enables the bilateral switches to
be controlled by a digital signal that switches between zero (Vgg) and positive
(Vpp) volts, while still using split supplies to give correct biasing for analogue
operation, as shown in Figure 4.4

Vip (+ ve)

L,—X
logic-level I

} x converter

switch

control input

(OVor Vp) v

Vsg =0V Vip (=ve)

Figure 4.4 Some ICs feature internal logic-level conversion, enabling an analogue
switch to be controlled via a single-ended input
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Figure 4.5 A four-way multiplexer used to control four LEDs via a single data line

Multiplexing/demultiplexing

A multiplexer can be regarded as any system that enables information from a
single data line to be distributed — on a sequential time-share basis — to a
number n of independent data lines. Figure 4.5, for example, shows how a
four-way multiplexer (represented by a four-way switch) can be used to
control (turn on or off) four LEDs down a single data line.

In Figure 4.5, assume that the multiplex driver continuously sequences the
multiplexer through the 1-2-3-4 cycle at a fairly rapid rate, and is synchro-
nized to the 1-2-3-4 segments of the data line. Thus, in each cycle, in the |
period LED; is off; in the 2 period LED, is on; in the 3 period LED; is on, and
in the 4 period LED, is off. The state of each of the four LEDs is thus
controlled via the logic bit of the single (sequentially time-shared) data line.

A demultiplexer is the opposite of a multiplexer. It enables information
from a number n of independent data lines to be sequentially applied to a
single data line. Figure 4.6 shows how a four-way demultiplexer can be used to
feed three independent ‘voice’ signals down a single cable, and how a
multiplexer can be used to convert signals back into three independent voice
signals at the other end. In practice, each ‘sample’ period of the data line must
be short relative to the period of the highest voice frequency; period 1 is used
to synchronize the signals at the two ends of the data line.

From the above description it can be seen that a CMOS n-channel
multiplexer can be regarded as a single-pole n-way bilateral switch, and that a
CMOS multiplexer can be converted into a demultiplexer by simply
transposing the notations of the input and output terminals. An n-way single-
pole bilateral switch can thus be described as an n-channel multiplexer/
demultiplexer.
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Figure 4.6 A four-way multiplexer/demultiplexer combination used to feed three
independent voice signals through a single data line

Practical ICs

There are three major families of CMOS bilateral switch ICs. The best known
of these comprises the 4016B/4066B types, which are quad bilateral switches,
each housing four independently accessible SPST bilateral switches, as shown
in Figure4.7. The 4016B uses the simple construction shown in Figure 4.1, and
is recommended for use in sample-and-hold applications where low leakage
impedance is of prime importance. The 4066B uses the improved type of
construction of Figure 4.2, and is recommended for use in all applications
where a low on resistance is of prime importance.
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z 8
Veg o—{7 —e in/out D

Figure 4.7 The 4016 B and 4066 B quad bilateral switches each act as four independent
SPST switches
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Figure 4.8 The 4051B eight-channel multiplexer/demultiplexer acts as a single-pole
eight-way switch

The second family of ICs comprises the 4051B to 4053B types (Figures 4.8
to 4.10). These are multichannel multiplexer/demultiplexer ICs featuring
built-in logic-level conversion. These ICs have three ‘power supply’ terminals
(Vpp, Vss, and Vgg). In all applications, Vpp is taken to the positive supply
rail and Vggis grounded, and all digital control signals (for channel select,
inhibit, etc.) use these two terminals as their logic reference values, i.e. logic-1
= Vppandlogic-0 = Vgg. In digital signal processing applications, terminal
Vg is grounded (tied to Fgg.) In analogue signal processing applications,
Vg must be taken to a negative supply rail; ideally, V'gg = -Vpp. Inall cases,
the Vgg-to-Fpp voltage must be limited to 18 volts maximum.

The 4051B (Figure 4.8) is an eight-channel multiplexer/demultiplexer, and
can be regarded as a single-pole, eight-way bilateral switch. The IC has three
binary control inputs (A, B, and C) and an inhibit input. The three binary
signals select the one of the eight channels to be turned on, as shown in the
table.
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Figure 4.9 The 4052B differential four-channel multiplexer/demultiplexer acts as a
ganged two-pole four-way switch
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Figure 4.10 The 4053B triple two-channel multiplexer/demultiplexer acts as three
independent single-pole two-way switches
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The 4052B (Figure 4.9) is a differential four-channel multiplexer/
demultiplexer or ganged two-pole four-way bilateral switch, and the 4053B
(Figure 4.10) 1s a triple two-channel multiplexer/demultiplexer or sct of three
independent single-pole three-way bilateral switches.

The final family of devices comprises the 4067B and 4097B multiplexer/
demultiplexer types (Figures 4.11 and 4.12). These devices can be used in both
analogue and digital applications, but do not feature built-in logic-level
conversion. The 4067B is a sixteen-channel device, and can be regarded as a
single-pole sixteen-way bilateral switch. The 4097B is a differential eight-
channcl device, and can be regarded as a ganged two-pole eight-way bilateral
switch. Each IC is housed in a 24-pin dual-in-line DIL package.

Using 4016B/4066B ICs

The 4016B and 4066B are very versatile 1Cs, but a few simple precautions
must be taken when using them:

1 Input and switching signals must never be allowed to risc above Vpp or

below Vss.
input states
on channel

inhibit D C B A
- 0 0 0 0 0 0
com. infout | | 24— Vyp 0 0 0 0 1 1
- 7 23 - 0 0 0 1 0 2
—1- s 0 0 0 1 1 3
6—3 22 tg 0 01 0 o 4
5—4 2lf=101 0 0 1 o0 1 5

4 20t-11{ 2= 0 o1 1 0
channelsJ > 0 T 5 3 0 0 1 6
in/out 36 19—12] 5= ! ! 7

4067B 0
27 18 —13 1 0 0 O 8
0 1 0 0 1 9
L N 0 1 0 1 0 10
L 0—9 16 |—15) 0 1 0 1 1 11
a—10 15 b—inhibit 0 1 1 0 0 12
B—11 14 —C 0 1 1 0 1 13
Vss— 12 13D 0 11 1 0 14
0 1 1 1 1 15
1 X X X X none
X = don’t care
Figure4.11  The 4067 B sixteen-channel multiplexer/demultiplexer acts as a single-pole

sixteen switch
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Figure 4.12  The 4097B differential eight-channel multiplexer/demultiplexer acts as a
ganged two-pole eight-way switch
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Figure 4.13  Unused sections of the 4066B must be disabled, using any one of the
connections shown here

2 Each unused section of the IC must be disabled (see Figure 4.13) either by
taking its control terminal to ¥'pp and wiring one of its switch terminals to
Vpp or Vs, or by taking all three terminals to Vsg.

Figures 4.14 to 4.19 show some simple applications of the 4066B (or 4016B).
Figure 4.14 shows the device used to implement the four basic switching
functions of SPST, SPDT, DPST, and DPDT. Figure4.14(a) shows the SPST
connection, which we have already discussed. The SPDT function (Figure
4.14(b)) is implemented by wiring an inverter stage (a 4001B or 4011B etc.)
between the ICI, and ICIy, control terminals. The DPST switch (Figure
4.14(c))issimply two SPST switches sharing a common control terminal, and
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Figure 4.14  Implementation of the four basic switching functions via the 4066B (IC,)

the DPDT switch (Figure 4.14(d)) is two SPDT switches sharing an inverter
stage in the control line.

Note that the switching functions of Figure 4.14 can be expanded or
combined in any desired way by using more IC stages. Thus, a ten-pole two-
way switch can be made by using five of the Figure 4.14(d) circuits with their
control lines tied together.

Each 4066B bilateral switch has a typical on resistance of about 90 Q.
Figure 4.15 shows how four standard switch elements can be wired in parallel
to make a single switch with a typical on resistance of only 22.5 Q.

Figures4.16 to 4.19 shows ways of using a bilateral switch as a self-latching
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Figure 4.15  This SPST switch has a typical on resistance of only 22.5 ohms

6to 12V +ve
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ov

Figure 4.16  Larching push-button switch

device. In these circuits the switch current flows to ground via R;, and the
control terminal is tied to the top of R3 via R,. Thus, in Figure 4.16, when PB,
is briefly closed the control terminal is pulled to the positive rail and the
bilateral switch closes. With the bilateral switch closed, the top of R; is at
supply line potential and, since the control terminal is tied to R3 via R,, the
bilateral switch is thus latched on. Once latched, the switch can only be turned
off again by briefly closing PB,, at which point the bilateral switch opens and
the R; voltage falls to zero. Note here that LED, merely indicates the state of
the bilateral switch, and R, prevents supply line short-circuits if PB; and PB,
are both closed at the same time.

Figure 4.17 shows how the above circuit can be made to operate as a
latching touch-operated switch by increasing R, to 10 MQ and using R,-C as
a “hum’ filter.

Figures 4.18 and 4.19 show alternative ways of using the Figure 4.16 circuit
to connect power to external circuitry. The Figure 4.18 circuit connects the
power via a voltage-follower stage, and the Figure 4.19 design connects the
power via a common-emitter amplifier.
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Figure 4.17  Latching touch switch
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Figure 4.18  Latching push-button power switch

Digital control circuits

67

Bilateral switches can be used to digitally control or vary effective values of
resistance, capacitance, impedance, amplifier gain, oscillator frequency, etc.
in any desired number of discrete steps. Figure 4.20 shows how the four
switches of a single 4066B can, by either short circuiting or not short circuiting
individual resistors in a chain, be used to vary the effective total value of the

resistance chain in sixteen digitally controlled steps of 10 kQ cach.
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Figure 4.20 Sixteen-step digital control of resistance. R can be varied from zero to
150 kQ in 10 kQ steps

In practice, the step magnitudes of the Figure 4.20 circuit can be given any
desired value (determined by the value of the smallest resistor) as long as the
four resistors are kept in the ratio 1:2:4:8. The number of steps can be
increased by adding more resistor/switch stages; thus, a six-stage circuit (with
resistors in the ratio (1:2:4:8:16:32) will give resistance variation in 64 steps.
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Figure 4.21  Sixteen-step digital control of capacitance. C can be varied from zero to
15 nF in InF steps

Figure 4.21 shows how four switches can be used to make a digitally
controlled capacitor that can be varied in sixteen steps of 1 nF each. Again,
the circuit can be expanded to give more steps by simply adding more stages.

Note that in the Figures 4.20 and 4.21 circuits the resistor/capacitor values
can be controlled by operating the 4066 B switches manually, or automatically
via simple logic networks, or via up/down counters (see Chapter 8), or via
microprocessor control, etc.

Thecircuits of Figures 4.20 and 4.21 can be combined in a variety of ways to
make digitally controlled impedance and filter networks etc. Figure 4.22, for

R
R/B)‘
T Figure c E'
bl
in 420 out in out
c Figure
! T j byt

l

e gt

(b)

Figure 4.22  Alternating ways of using Figure 4.20 or Figure 4.21 to make a digitally
controlled first-order low-pass filter
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Figure 4.23  Digital control of gain, using the Figure 4.20 circuit. Gain is variable from
zero to unity in sixteen steps

example, shows two alternative ways of using them to make a digitally
controlled first-order low-pass filter.

Digital control of amplifier gain can be obtained by hooking the Figure 4.20
circuit into the feedback or input path of a standard op-amp inverter circuit,
as shown in Figures 4.23 and 4.24. The gain of such a circuit equals R¢/Rjp,
where Ry is the feedback resistance and Rip is the input resistance. Thus in
Figure 4.23 the gain can be varied from zero to unity in sixteen steps of 1/15th
each, giving a sequence of 0/15 (i.e. zero), 1/15, 2/15, etc. up to 14/15 and
(finally) 15/15 (i.e. unity).

In the Figure 4.24 circuit the gain can be varied from unity to 16 in sixteen
steps, giving a gain sequence of 1, 2, 3, 4, S, etc. Note that in both of these
circuits the op-amp uses a split power supply, so the 4066B control voltage
must switch between the negative and positive supply rails.

Figure 4.25 shows how the Figure 4.20 circuit can be used to vary the
frequency of a 555 astable oscillator in sixteen discrete steps. Finally,
Figure 4.26 shows how three bilateral switches can be used to implement

Figure 4.24  Digital control of gain, using the Figure 4.20 circuit. Gain is variable from
unity to 16 in sixteen steps
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Figure 4.25  Digital control of 555 astable frequency, in sixteen steps

digital control of decade range selection of a 555 astable oscillator. Here, only
one of the switches must be turned on at a time. Naturally, the circuits of
Figures 4.25 and 4.26 can easily be combined, to form a wide-range oscillator
that can be digitally controlled via a microprocessor or other device.

+9V
4 3 2.7kQ
10 kQ2
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L 100 k2
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! T 128! /X10 £ X100
out
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il EI |
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/77I77 IC, is 4066B

Figure 4.26  Digital control of decade range selection of a 555 astable



72 Bilateral switches and selectors

Synthesized multigang potentiometers

One of the most useful applications of the bilateral switch is in synthesizing
multigang rheostats, potentiometers, and variable capacitors in AC signal
processing circuitry. The synthesizing principle is quite simple and is
illustrated in Figure 4.27, which shows the circuit of a four-gang 10-100 kQ
rheostat for use at signal frequencies up to about 15 kHz.
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ov from 10 k2 to 100 k§2 via RV

Figure 4.27 Synthesized precision four-gang ‘rheostat’

Here, the 555is used to generate a 50 kHz rectangular wave form that has its
mark/space (M/S) ratio variable from 11:1to 1:11 via RV, and this waveform
is used to control the switching of the 4066B stages. All of the 4066B switches
are fed with the same control waveform, and each switch is wired in series with
arange resitor (R,, Rp, etc), to form one gang of the ‘rheostat’ between the aa,
bb, cc, and dd terminals.

Remembering that the switching rate of this circuit is fast (50 kHz) relative
to the intended maximum signal frequency (15 kHz), it can be seen that the
mean or effective value (when integrated over a few switching cycles) of each
rheostat resistance can be varied via M/S ratio control RV;.

Thus, if IC,, is closed for 90 per cent and open for 10 per cent of each duty
cycle (M/Sratio = 9:1), the apparent (mean) value of the aa resistance will be
10 per cent greater than R,, i.e. 10 kQ. If the duty cycle is reduced to 50 per
cent, the apparent R, value will double to 18.2 kQ. If the duty cycle is further
decreased, so that IC,, is closed for only 10 per cent of each duty cycle (M/S
ratio = 1:9), the apparent value of R, will increase by a decade to 91 kQ. Thus
the apparent value of each gang of the rheostat can be varied via RV.

There are some important points to note about the above circuit. First, it
can be given any desired number of ‘gangs’ by simple adding an appropriate
number of switch stages and range resistors. Since all switches are controlled
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by the same M/S ratio waveform, perfect tracking is automatically assured
between the gangs. Individual gangs can be given different ranges, without
affecting the tracking, by giving them different range resistor values. Also,
note that the ‘sweep’ range and ‘law’ of the rheostats can be changed by simply
altering the characteristics of the M/S ratio generator.

Note that in the above circuit the switching control frequency must be far
higher than the maximum signal frequency that is to be handled, or the circuit
will not perform correctly.

The rheostat circuit of Figure 4.27 can be made to function as a multigang
variable capacitor by using ranging capacitors in place of ranging resistors. In
this case, however, the apparent capacitance value decreases as the duty cycle
is decreased.

The Figure 4.27 principle can be expanded to make synthesized multigang
potentiometers by using the basic technique shown in Figure 4.28. Here, in
each gang, two rheostats are wired in series but have their switch control
signals fed in anti-phase, so that one rheostat value increases as the other
decreases, thus giving a variable potential divider action. This basic circuit
can be expanded to incorporate any desired number of gangs by simply
adding more double-rheostat stages.

b
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e/ [e) .
Lyl L :
IC) 2 1C b
»——o
out out r--
Ra R, =
1k
9.1kQ 9.1k out out
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control - L
input IC,y IC,
a b

Figure 4.28 Synthesized precision two-gang ‘potentiometer’
Miscellaneous applications

To complete this look at the CMOS bilateral switch, Figures 4.29 and 4.30
show a couple of miscellaneous fast-switching applications of the device.
Figure 4.29 shows how it can be used as a sample-and-hold element. The 3140



74 Bilateral switches and selectors

Y2 4016B

in

7 out

—L_; sample

hold

Figure 4.29  Using a bilateral switch as a sample-and-hold element

CMOS op-amp is used as a voltage follower and has a necar-infinite input
impedance, and the 4016B switch also has a near-infinite impedance when
open. Thus, when the 4016B is closed, the 10 nF capacitor rapidly follows all
variations in input voltage, but when the switch opens the prevailing
capacitance charge is stored and the resulting voltage remains available at the
op-amp output.

+ 10V (ree.)
’ R
1oV
Rl
12k ov
M5 Y
12k

Figure 4.30  Using the 4066 B to implement a ramp generator circuit

Finally, Figure 4.30 shows a bilateral switch used in a linear ramp
generator. Here, the op-amp is used as an integrator, with its non-inverting
pinbiased at Svolts via R,-R,,so thataconstantcurrentof 5 uA flowsinto the
inverting pin via R. When the bilateral switch is open, this current lincarly
charges capacitor C, causing a rising ramp to appear at the op-amp output.
When the bilateral switch closes. Cisrapidly discharged via R; and the output
switches down to 5 volts.

The basic Figure 4.30 circuit is quite versatile. The switching can be
activated automatically via a free-running oscillator or via a voltage trigger
circuit. Bias levels can be shifted by changing the R,-R, values or can be
switched automatically via another 4066B stage, enabling a variety of ramp
waveforms to be generated.
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The square-wave generator is one of the most basic circuit blocks used in
modern electronics. It can be used for flashing LED indicators, for generating
audio and alarm tones, or, if its leading and trailing edges are really sharp, for
clocking logic or counter/divider circuitry. Thus a clock generator can be
simply described as a high-quality square-wave or trigger-waveform
generator.

Practical square-wave and clock generator circuits are easy to design, and
can be based on a wide range of semiconductor technologies, including the
humble bipolar transistor, the op-amp, the 555 timer IC, and CMOS logic
elements. In the present volume, we’ll confine the subject entirely to CMOS
based designs.

Inexpensive CMOS logic ICs such as the 4001B, 4011B, and 4093B can
easily be used to make very inexpensive but highly versatile clock generator
circuits. They can be designed to give symmetrical or non-symmetrical
outputs, and can be of the free-running or the gated types. In the latter case,
they can be designed to turn on with either logic-0 or logic-1 gate signals, and
to give either a logic-0 or a logic-1 output when in the off mode. These very
inexpensive CMOS circuits can even be used as simple voltage-controlled
oscillators (VCOs) or as frequency-modulated oscillators.

If the reader wants really good VCO operation from a square-wave
generator, with excellent linearity and versatility, he can turn to the slightly
more expensive 4046B phase-locked-loop CMOS IC. We'll look at some
practical applications of the 4046B later in this chapter. In the meantime, let’s
look at some basic CMOS astable clock generator circuits.

75
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note
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Figure 5.1 (a) Circuit and waveforms of basic two-stage 1 kHz CMOS astable.
(b) Ways of connecting a two-input NAND (4011B) or NOR (4001B) gate as an inverter

CMOS astable basics

The simplest way to make a CMOS square-wave generator is to wire two
CMOS inverter stages in series and use the C-R feedback network shown in
the basic two-stage astable circuit of Figure 5.1(a). This circuit generates a
good square-wave output from IC;}, (and a not-quite-so-good anti-phase
square-wave output from IC,,), and operates at about 1 kHz with the
component values shown. The circuit is suitable for use in many (but not all)
clock generator applications, and operates as follows.

In Figure 5.1(a) the two inverters are wired in series, so the output of one
goes high when the other goes low and vice versa. Time-constant network
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C,-R, is wired between the outputs of IC,, and IC, 5, with the C,-R, junction
fed to the input of the IC,, inverter stage. Suppose initially that C, is fully
discharged, and that the output of IC,}, has just switched high (and the output
of IC, has just switched low).

Under this condition, the C,-R, junction voltage is initially at full positive
supply volts, driving the output of IC, , hard low, but this voltage immediately
starts to decay exponentially as C, charges up via R, until eventually it falls
into the linear transfer voltage range of IC,,, making its output start to swing
high. This swing is amplified by inverter IC,y, initiating a regenerative action
in which IC,p output switches abruptly to the low state (and IC,, output
switches high). This switching action makes the charge of C,; try to apply a
negative voltage to the input of IC, 4, but the built-in protection diodes of IC, ,
prevent this and instead discharge C;.

Thus, at the start of the second cycle, C, is again fully discharged, so in this
case the C,-R; junction is initially at zero volts (driving IC,, output high).
However, the voltage then rises exponentially as C; charges up via R,, until
eventually it rises into the linear transfer voltage range of IC,,. This initiates
another regenerative switching action in which IC,;y, output switches high
again (and IC,, output switches low), and C, is initially discharged via the
IC,ainput protection diodes. The operating cycle then continues ad infinitum.

The operating frequency of the above circuit is inversely proportional to
the C-R time constant (the period is roughly 1.4CR), and so can be raised by
lowering the values of either C, or R;. C; must be a non-polarized capacitor
and have any value from a few tens of picofarads to several microfarads, and
R, can have any value from about 4.7 kQ to 22 MQ; the astable operating
frequency can vary from a fraction of a hertz to about 1 MHz. For variable-
frequency operation, wire a fixed and a variable resistor in series in the R,
position.

Note at this point that each of the inverter stages of the Figure 5.1(a) circuit
can be made from a single gate of a 4001B quad two-input NOR gate or a
4011B quad two-input NAND gate etc. by using the connections shown in
Figure 5.1(b). Thus each of these ICs can provide two astable circuits. Also
note that the inputs of all unused gatesin these ICs must be tied to one or other
of the supply line terminals. The Figure 5.1(a) astable (and all other astables
shown in this chapter) can be used with any supplies in the range 3 Vto 18 V;
the zero volts terminal goes to pin 7 of the 4001B or 4011B, and the positive
terminal goes to pin 14.

The output of the Figure 5.1(a) astable switches (when lightly loaded)
almost fully between the zero and positive supply rail values, but the C;-R;
junction voltage is prevented from swinging below zero or above the positive
supply rail levels by the built-in clamping diodes at the input of IC;,. This
factor makes the operating frequency somewhat dependent on supply rail
voltages. Typically, the frequency falls by about 0.8 per cent for a 10 per cent
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rise in supply voltage; if the frequency is normalized with a 10 V supply, the
frequency falls by 4 per cent at 15 V or rises by 8 per cent at 5 V.

The operating frequency of the Figure 5.1(a) circuit is also influenced by
the transfer voltage value of the individual IC, inverter/gate that is used in
the astable, and can be expected to vary by as much as 10 per cent between
different ICs. The output symmetry of the square waveform also depends on
the transfer voltage value, and in most cases the circuit will give a non-
symmetrical output. In most non-precision and hobby applications these
defects are, however, of little practical importance.

note:
ICI: 4001B or 4011B

Uy
oV

out

Figure 5.2 This compensated version of the 1 kHz astable has excellent frequency
stability

Astable variations

Some of the defects of the Figure 5.1(a) circuit can be minimized by using the
‘compensated’ astable of Figure 5.2 in which R, is wired in series with the
input of IC, 4. This resistor must have a value that is large relative to R;, and
its main purpose is to allow the C,-R; junction to swing freely below the zero
and above the positive supply rail voltages during the astable operation and
thus improve the frequency stability of the circuit. Typically, when R, is ten
times the value of R, the frequency varies by only 0.5 per cent when the
supply voltage is varied between 5 and 15 volts. An incidental benefit of R, is
that it gives a slight improvement in the symmetry of the astable output
waveform.

The basic and compensated astable circuits of Figures 5.7 and 5.2 can be
built with a good number of detail variations, asshown in Figures 5.3t0 5.6. In
the basic astable circuit, for example, C, alternately charges and discharges
via R, and thus has a fixed symmetry. Figures 5.3 to 5.5 show how the basic
circuit can be modified to give alternate C; charge and discharge paths and
thus to allow the symmetry to be varied at will.

The Figure 5.3 circuit generates a highly non-symmetrical waveform,
equivalent to a fixed pulse delivered at a fixed timebase rate. Here, C, charges
inonedirection via R, in parallel with the D,-R, combination, to generate the
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Figure 5.3  Modifying the astable to give a non-symmetrical output: mark is controlled
by the parallel values of Ry and R, space is controlled by R, only

mark or pulse part of the waveform, but discharges in the reverse direction via
R, only, to give the space between the pulses.

Figure 5.4 shows the modifications for generating a waveform with
independently variable mark and space times; the mark is controlled by R;-
RV -D,, and the space by R,-RV,-D,.

Cll 10 nF
D: 1)1 I
IN4148 IN4148
RV: RV]
100 k2 100 k&2 note: IC, =4001B or 4011B

(space) (mark)

mark space

Figure 5.4  This astable has independently variable mark and space times

C
[
LTS note:
R, D IC, =4001B or 4011B
10 k2 Yy 2
T IN4148
RV,
100 k2
M/S ratio
L D,
A
IN4148

- — +ve
b out ov

Figure 5.5 The mark/space ratio of this astable is fully variable from 1:11 to 11:1 via
RV,, frequency is almost constant at about 1 kHz
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Figure 5.5 shows the modifications to give a variable-symmetry or M/S
ratio output while maintaining a near-constant frequency. Here, C; charges
in one direction via D, and the lower half of RV, and R,, and in the other
direction via D, and the upper half of RV, and R,. The M/S ratio can be
varied over the range 1:11 to 11:1 via RV,.

(‘l
10 nF

1
-

note:
IC, = 4001B or 4011B

+ve
— JUuUL
out oV

voltage-control
input

Figure 5.6 Simple VCO circuit

note:

IC, =4001B or 4011B

out
+ ve
—-——I LI Ll I"O \%
100 k2
voltage control (set (=R)) cut-off
input cut-off
voltage)
ov

Figure 5.7 Special-effects VCO which cuts off when Viy falls below a preset value

Finally, Figures 5.6 and 5.7 show a couple of ways of using the basic astable
circuit as a very simple VCO. The Figure 5.6 circuit can be used to vary the
operating frequency over a limited range via an external voltage. R, must be
at least twice as large as R, for satisfactory operation, the actual value
depending on the required frequency-shift range: a low R, value gives a large
shift range, and a large R, value gives a small shift range. The Figure 5.7 circuit
acts as a special-effects VCO in which the oscillator frequency rises with input
voltage, but switches off completely when the input voltage falls below a value
preset by RV.
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Gated astable circuits

All of the astable circuits of Figure 5.1 to 5.5 can be modified for gated
operation, so that they can be turned on and off via an external signal, by
simply using a two-input NAND (4011B) or NOR (4001B) gate in place of the
inverter in the IC,, position and by applying the input gate control signal to
one of the gate input terminals. Note, however, that the 4001B and the 4011B
give quite different types of gate control and output operation in these
applications, as shown by the two basic versions of the gated astablein Figures
5.8 and 5.9.

C
1

1
jp ! nF
11 gate +ve
R] et I—OV
|
680 k2 out h I.“..I |-|| + ve
ov
IC,, IC,, Jodt—e out

gate
R
2 IC, = 4
100 k2 1 = 40118
ov

Figure 5.8 This gated astable has a normally low output and is gated on by a high
(logic-1) input

IC, =4001B
— [r—t ye

gate
out oV

680 k2
IICI
LLEPS

Figure 5.9  This version of the gated astable has a normally high output and is gated by a
low (logic-0) input

Note specifically from these two circuits that the NAND version is gated on
by a logic-1 input and has a normally low output, while the NOR version is
gated on by a logic-0 input and has a normally high output. R, can be
eliminated from these circuits if the gate drive is direct coupled from the
output of a preceding CMOS logic stage, for example.
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Note that in the basic gated astable circuits of Figures 5.8 and 5.9 the output
signal terminates as soon as the gate drive is removed; consequently, any noise
present at the gate terminal also appears at the outputs of these circuits!
Figures 5.10 and 5.11 show how to modify the circuits so that they produce
noiseless outputs.

+ve

gate

“ Tl
. ! +ve

ou

o U ov

IN4148
gate N
input =7 "VIN4148
2 R2
22kQ IC, =4011B
ov

Figure 5.10  Semi-latching or noiseless gated astable circuit, with logic-1 gate input and
normally zero output

+ ve
IC‘ =4001B
R')
D y . +ve
gate 2 vt
input e——j«¢ gate _-r oV
IN4148 1

out

¢
[T
1

rl ub

Figure 5.11 Alternative semi-latching gated astable, with logic-0 gate input and
normally high output

Here, the gate signal of IC, is derived from both the outside world and
from the output of IC,p via diode OR gate D,-D,-R,. Assoon as the circuit is
gated from the outside world via D, the output of IC,} reinforces or self-
latches the gating via D, for the duration of one half astable cycle, thus
eliminating any effects of a noisy outside world signal. The outputs of these
semi-latching gated astable circuits are thus always complete numbers of half
cycles.
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Ring-of-three-astable

The two-stage astable circuit 1s a good general-purpose square-wave
generator. However, it is not always suitable for direct use as a clock
generator with fast-acting counting and dividing circuits, since it tends to pick
up and amplify any existing supply line noise during the ‘transitioning’ parts
of its operating cycle and to thus produce output square waves with distorted
leading and trailing edges. A far better type of clock generator circuit is the
ring-of-three astable shown in Figure 5.12.

IC, =4001B or 4011B

Figure 5.12  This ring-of-three astable makes an excellent clock generator

The Figure 5.12 ring-of-three circuit is similar to the basic two-stage
astable, except that its input stage (IC,,4-1C,p) acts as an ultra-high-gain non-
inverting amplifier and its main timing components (C,-R,) are transposed
(relative to the two-stage astable). Because of the very high overall gain of the
circuit, it produces an excellent and distortion-free square-wave output, ideal
for clock generator use.

The basic ring-of-three astable can be subjected to all the design
modifications that we've already looked at for the basic two-stage astable, e.g.

input IC,l =4011B

R2
100 kQ2

ov

Figure 5.13  This gated ring-of-three astable is gated by a logic-1 input and has a
normally low output
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it can be used in either basic or compensated form and can give either a
symmetrical or a non-symmetrical output. The most interesting variations of
the circuit occur, however, when it is used in the gated mode, since it can be
gated via either the IC,p or the IC, stages. Figures 5.13 to 5.16 show four
variations on this gating theme.

Thus the Figure 5.13 and 5.14 circuits are both gated on by a logic-1 input
signal, but the Figure 5.13 circuit has a normally low output whereas that of
Figure 5.14 is normally high. Similarly the Figure 5.15 and 5.16 circuits are
both gated on by a logic-0 signal, but the output of the Figure 5.15 circuit is
normally low whereas that of Figure 5.16 is normally high.

R

1

L.

1
uF

] |
——-l ﬂ n I-I r——-+ ve
Ic,, ICy, out ov
out
IC, = 4011B g MR,
100 k2
oV

Figure 5.14 This gated ring-of-three astable is gated by a logic-1 input and has a
normally high output

Figure 5.15 This gated ring-of-three astable is gated by a logic-0 input and has a
normally low output
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ov

oV

680 k2

Figure 5.16 This gated ring-of-three astable is gated by a logic-0 input and has a
normally high output

The Schmitt astable

An excellent astable clock generator can also be made from a single CMOS
Schmitt inverter stage. Suitable ICs for use in this application are the 40106B
hex Schmitt inverter, and the 4093B quad two-input NAND Schmitt trigger
(see Figure 3.26). In the latter case, each NAND gate of the 4093B can be used
as an inverter by simply disabling one of its input terminals, as shown in the
basic Schmitt astable circuit of Figure 5.17.

V+

—

40938 | TL out Mnr
ov

of R,

10 nF 100 k2
oV

Figure 5.17 Basic Schmitt astable

The Schmitt astable circuit gives an excellent performance, with very clean
output edges that are unaffected by supply line ripple and other pertur-
bations. The operating frequency is determined by the C,-R, values, and can
be varied from a few cycles per minute to | MHz or so. The circuit action is
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V+
gate E ;
out
out """""
R2
100 k2
oV

o
oV 10 nF
Figure 5.18 Gated Schmitt astable

such that C, alternately charges and discharges via R;, without switching the
C, polarity; C; can thus be a non-polarized component.

Figure 5.18 shows how the above 4093B-based astable circuit can be
modified so that it can be gated on and off via an external signal. Note that the
circuitis gated on by a high (logic-1) input, but gives a high output when itisin
the gated-off state.

The basic astable circuit of Figure 5.17 generates an inherently symmetrical
square-wave output. The circuit can be made to produce a non-symmetrical
output by providing its timing capacitor with alternate charge and discharge
paths, as shown in the circuits of Figures 5.19 and 5.20. The Figure 5.19 circuit
produces a fixed M/S ratio output. The M/S ratio of the Figure 5.20 circuit can
be varied over a wide range via RV.

V+
4

— out
4093B ik —o U

I

C - Rz D,

1
oV

Figure 5.19  Astable with non-symmetrical M|S ratio

A CMOS 555 IC

Most readers will know that the popular 555 timer IC can be wired in the
astable mode and used to generate excellent square-wave output signals. They
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Figure 5.20  Astable with variable M/S ratio

-/
end (1 V+

trigger ICM [) discharge
out O 7955 D threshold

reset [J control

Figure 5.21  Outline of the ICM7555 CMOS 555 IC

+12V

Rl
22kQ I——‘4 ;

7
R
2 sf M | L JUL
82 kQ 7555 |3

S

C]
10 nF T

/77L7 ov
Figure 5.22  Basic 7555 astable

may not know that a CMOS version of this device is also available, and is
known as the ICM7555. Figure 5.21 shows the outline of this IC and Figure
5.22 shows how it can be used in the basic astable mode.

The action of the Figure 5.22 basic astable is such that C, alternately
charges via R,-R, and discharges via R, only, generating an excellent near-
symmetrical square-wave output that is suitable for use as a clock waveform.
Note that R, acts as the main time-constant resistor and can have any value
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fromabout4kQ to 22 MQ; C, is the time-constant capacitor and can have any
value from a few picofarads to many hundreds of microfarads, and may be of
the polarized or non-polarized types.

The astable circuit can only work if pin 4 is tied to the positive supply rail; if
pin 4 is grounded, the astable is disabled. The astable can thus be used in the
gated mode by simply wiring pin 4 as shown in Figure 5.23.

The basic astable circuit generates an almost symmetrical output
waveform. It can be made to generate a non-symmetrical waveform in a
variety of ways. Figure 5.24 shows one useful variation. In this case C,

J SwW
on 1

off

+12V

ICM
7555

——e out

Figure 5.23  Gated 7555 astable
+12V

ICM
7555

——e out
N

s

oV

Figure 5.24  Astable with variable M/S ratio
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alternately charges via R;-R; and D,, and discharges via D;-RV’; and R,; the
output waveform symmetry of this circuit is thus fully variable via RV,.

4046B VCO circuits

To complete this look at CMOS square-wave and clock generator circuits,
let’s consider some practical VCO (voltage-controlled oscillator) applica-
tions of the 4046B phase-locked-loop (PLL) IC. Figure 5.25 shows the
internal block diagram and pin-outs of this chip, which contains a couple of
phase comparators, a VCO, a zener diode, and a few other bits and pieces.

For our present purpose, the most important part of the chip is the VCO
section. This is a highly versatile device. It produces a well-shaped symmetri-
cal square-wave output, has a top-end frequency limitin excess of | MHz, has
a voltage-to-frequency linearity of about 1 per cent and can easily be scanned

s
LDD

fi

signal o——]
in 14 ?7

2 PC
I —o 1
out

phase
comparators

—o
_I_— 13 out

o phase
Veo O—_—ﬁ pulses
out 4 1

ﬁ VvCO
C 6 I ° in

[38]

O

Vssor Vpp Ry 7 VvCo ?Oﬁrce ——0 demod.
oflower 10 out
12
Rl
Vss e to—
11 J
inhibit
5 97D
V0 7V
8 15
v zener

'SS

Figure 5.25 Internal block diagram and pin-outs of the 4046 B
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through a 1000 000:1 range by an external voltage applied to the VCO input
terminal. The frequency of the oscillator is governed by the value of a
capacitor (minimum value 50 pF) connected between pins 6 and 7, by the
value of a resistor (minimum value 10 kQ) wired between pin 11 and ground,
and by the voltage (any value from zero to the supply voltage value) applied to
VCO input pin 9.

+ 9 V (regulated)

I

4.7 nF

(\I
6 7 16
3 ] R Vl
4046B —‘I 100 k2
Jur .J: 9 frequency

R b ‘8 5

a7 OV

Figure 5.26  Basic wide-range VCO, spanning near-zero to roughly 5 kHz via RV,.

Figure 5.26 shows the simplest possible way of using the 4046B VCO as a
voltage-controlled square-wave generator. Here, C;-R; determines the
maximum frequency that can be obtained (with the pin 9 voltage at
maximum) and RV, controls the actual frequency by applying a control
voltage to pin 9: the frequency falls to a very low value (a fraction of a hertz)

+9 V (regulated)

R:
¢y 47 nF 10
M
6 7 12 |16
3 RV,
4046B —{ | 100 kQ
out e— { 9 frequency
11 8 S
Rl !
68 kQ
7777 OV

Figure 5.27  The frequency of this VCO is variable all the way down 1o zero
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with pin 9 at zero volts. The effective voltage-control range of pin 9 varies
from roughly 1 V below the supply value to about 1 V above zero, and gives a
frequency span of about 1 000 000:1. Ideally, the circuit supply voltage should
be regulated.

It was stated above that the frequency falls to necar-zero when the input
voltage of the Figure 5.26 circuit is reduced to zero. Figure 5.27 shows how the
circuit can be modified so that the frequency falls all the way to zero with zero
input, by wiring high-value resistor R, between pins 12 and 16. Note here that,
when the frequency is reduced to zero, the VCO output randomly settles in

either a logic-0 or a logic-1 state.
+ 9 V (regulated)

Cy 4.7 0F
Y
[6 7 16
3 RV,
4046B 9 100 k2
out frequency

4
THE 5 12
R, R
,

68kS2 47 M0

/7J770V

Figure 5.28 Restricted-range VCO, with frequency variable from roughly 72 Hz to
5 kHz via RV,.

Figure 5.28 shows how the pin 12 resistor can alternatively be used to
determine the minimum operating frequency of a restricted-range VCO.
Here, fmin is determined by C,-R,, and fmnux is determined by C, and the
parallel resistance of R, and R,.

Figure 5.29 shows an alternative version of the restricted-range VCO in
which fmax is controlled by C-R,, and fmin is determined by C, and the series
combination of R, and R,. Note that, by suitable choice of the R, and R,
values. the circuit can be made to span any desired frequency range from 1:1
to ncar-infinity.

Finally, it should be noted that the VCO section of the 4046B can be
disabled by taking pin 5 of the package high (to logic-1) or enabled by taking
pin 5 low (to logic-0). This feature makes it possible to gate the VCO on and
off via external signals. Thus, Figure 5.30 shows how the basic VCO circuit
can be gated via a signal applied to an external inverter stage. Alternatively,
Figure 5.31 shows how one of the internal phasc comparators of the 4046B
can be used to provide gate inversion, so that the VCO can be gated via an
external voltage applied to pin 3.
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+ 9V (regulated)

Cy 4.7nF
6 7 16
3 RV,
4046B 100 k2
out 9 frequency
8 5

7 OV

Figure 5.29 Alternative version of the restricted-range VCO. fnax is controlled by
Ci-Ry, fin by Ci-(R, +R,)

+ 9V (regulated)

M3
6 7 16
3 gate +9V
- RV, in
4046B — ov

100 k2 ) i

9
enc nﬂﬂﬂ v
frequency out +9
ov

oy

Figure 5.30 Gated wide-range VCO, using an external gate inverter
Bistable circuits

Strictly speaking, a clock generator can be any circuit that generates a clean
(noiseless, with sharp leading and trailing edges) waveform suitable for
clocking modern fast digital counter/divider circuitry. Thus a clock generator
can take the form of a simple Schmitt trigger that converts a sine-wave input
into a good square-wave output, or a square-wave generator of the type
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+ 9V (regulated)

Cipg4.7nF gate | 9V
in .
6 7 |1a e ,‘ oV
. | TOV
out o——4 RY I out |
3 40468 5 100 k2 “_“_I””I — oV

gate frequency
in
2 N 8 11
R,
100 k&2 R,
68 k2

Tov

Figure 5.31  Gated wide-range VCO, using one of the internal phase comparators as a
gate inverter

already described in this chapter, or of a monostable pulse generator of the
type described in chapter 6, and so on.

One particularly useful type of clock generator is the simple R-S (reset-set)
bistable (also known as the R-S flip-flop), which can be used to deliver a single
clock pulse each time the available one of its two input terminals is activated,
either electronically or via a push-button switch. Figures 5.32 to 5.35 show
four ways of making such bistables, using pairs of 4001B or 4011B gates.

The bistable circuit of Figure 5.32 is triggered by positive-going input
pulses, and is designed around 4001 B NOR-type gates. Figure 5.33 shows how
the circuit can be modified for push-button triggering.

The bistable circuit of Figure 5.34 is triggered by negative-going input
pulses, and is designed around 4011B NAND-type gates. Figure 5.35 shows
the circuit modified for push-button triggering.

Note that, in all the above circuits, once the bistable has been set its state

set reset
| |

-V+
ov

Figure 5.32  Pulse-triggered NOR bistable
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V+

set reset
| 1
PBl

Figure 5.33  Manually triggered NOR bistable

V+
-0V

I reset
oV

Figure 5.35 Manually triggered NAND bistable
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can not be altered until the reset terminal is activated, and once it has been
reset its state cannot be altered until the set terminal is activated. Also note
that each circuit provides a pair of anti-phase outputs. Finally, note that other
types of flip-flop circuits are discussed in depth in Chapter 7.



6 Pulse generator circuits

In digital electronics the two most commonly used types of waveform are the
free-running or gated square wave, and the triggered or one-shot pulse
waveform. We dealt with square-wave generator circuits in Chapter 5. This
chapter deals exclusively with pulse generator circuits.

Pulse generator basics

Professional and amateur circuit designers often have to devise means of
generating pulse waveforms in various parts of a circuit. Sometimes they
simply need to generate a pulse of non-critical width on the arrival of the
leading or trailing edge of an input square wave, as shown in Figure 6.1, and in
such cases they may use a circuit element known as a half-monostable or edge
detector. At other times they may need to generate a pulse of precise width on
the arrival of a suitable trigger signal, and in such cases they may use a
standard monostable or one-shot multivibrator circuit.

In the standard monostable circuit, the arrival of the trigger signal initiates
an internal timing cycle which causes the monostable output to change state
at the start of the timing cycle, but to revert back to its original state on
completion of the cycle, as shown in Figure 6.2.

Note that once a timing cycle has been initiated the standard monostable
circuit is immune to the effects of subsequent trigger signals until its timing
period ends naturally. This type of circuit can sometimes be modified by
adding a reset control terminal, as shown in Figure 6.3, to enable the output
pulse to be terminated or aborted at any time via a suitable command signal.

A third type of monostable circuit (mono) is the retriggerable mono. Here

96
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in half- ¢ in half- out
mono ou mono i

—  tve tve
input input
oV — 0V

o | I | DO L.
=y S\

width not critical

width not critical
(a) (b)

Figure 6.1 A4 half-mono circuit may be used to detect (a) the leading or (b ) the trailing
edge of an input waveform

in
(trigger)—sm— monostable out

b +ve

] |

Figure 6.2 A standard monostable generates an accurate output pulse on the arrival of a
suitable trigger signal

+ve
0

in
(trigger) resettable ] out
monostable
_>—] reset
+ve
input || ”
ov

reset |

+
<
a

Sonll

|
i
! |
| +ve
out I I |
L oV

Figure 6.3  The output pulse of a resettable mono can be aborted by a suitable reset pulse

the trigger signal actually resets the mono and then, after a very brief delay,
initiates a new pulse-generating timing cycle, as shown in Figure 6.4. Thus
each new trigger signal initiates a new timing cycle, even if the trigger signal
arrives during an existing cycle.
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in ]
(trigger) ——oy retriggerable

monostable

+ve
input l A
oV

1
|
| +ve
out IJ I
— | ov
Figure 6.4 A retriggerable mono starts a new timing cycle on the arrival of each new
trigger signal

—»—out

Thus the circuit designer may use a half-mono, a standard mono, a
rescttable mono, or a retriggerable mono to generate pulses in a circuit, the
type decision depending on the specific circuit design requirements.

The choice of IC to use in a pulse generator design is usually dictated by
considerations of economics and convenicence, rather than by the actual
design requirements. Thus, if the designer needs a standard CMOS
monostable of only modest precision, he can build it very inexpensively by
using a logic IC such as a 4001B or 4011B, or can build a circuit of better
precision (but greater cost) by using a 7555 timer chip or a dedicated
monostable IC such as a 4047B. In this chapter we take a detailed look at
CMOS versions of the various types of pulse gencrator circuit, and ata variety
of ways of implementing them.

Edge detector circuits

Edge detector circuits are used to generate an output pulse on the arrival of
either the leading or the trailing edge of a rectangular input waveform. In
most practical applications the precise width of the output pulse is non-
critical. The basic method of making an cdge detector is to feed the
rectangular input waveform to a short-time-constant C-R differentiation
network, to produce a double-spike output waveform with sharp leading
edges on the arrival of each input edge, and then to eliminate the unwanted
part of the spike waveform with a discriminator diode. The remaining spike or
sawtooth waveform is then converted into a clean pulse shape by feeding it
through a Schmitt trigger or similar circuit. The Schmitt may be of either the
inverting or the non-inverting type, depending on the required polarity of the
output pulse waveform; in either case, the resulting circuit is known as a half-
monostable or half-mono pulse generator.
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CMOS Schmitt trigger 1Cs incorporate built-in protection diodes on all
input terminals, and these can be used to perform the discriminator diode
action described above. Note that each gate of the popular 4093B quad two-
input NOR Schmitt IC (sce Figure 3.26) can be used as a normal Schmitt
inverter by wiring one input terminal to the positive supply rail and using the
other terminal as the input point, as shown in Figure 6.5. A non-inverting
Schmitt can be made by wiring two inverting Schmitts in series, as shown in

Figure 6.6.
v+
out = in out
oV

Figure 6.5 44093 B two-input NOR Schmitt can be used as anormal Schmitt inverter by
wiring one input high

v+ v+
in .. O out = in out
oV (0%

Figure 6.6 A non-inverting Schmitt can be made by wiring two inverting Schmitt
elements in series

Figure 6.7 shows two ways of making a leading-edge-detecting half-mono
circuit. Here, the input of the Schmitt is tied to ground via resistor R, and C-R
has a time constant that is short relative to the period of the input waveform.
The leading edge of the input signal is thus converted into the spike waveform
shown, and this spike is then converted into a good clean pulse waveform via
the Schmitt. The circuit generates a positive-going output pulse if a non-
inverting Schmitt is uscd (Figure 6.7(a)), or a negative-going output pulse if
an inverting Schmitt is used (Figure 6.7(b)). In either case, the output pulse
has a period P of roughly 0.7CR.

Figure 6.8 shows how to make a trailing-edge-detecting half-mono. In this
case the Schmitt input is tied to the positive supply rail via R, and C-R again
has a short time constant. The circuit generates a positive-going output pulsc
if an inverting Schmitt is used (Figure 6.8(a)), or a negative-going pulse if a
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Figure 6.7 Leading-edge detector circuits giving (a) positive and (b) negative output
pulses

(b)

Figure 6.8 Trailing-edge detector circuit giving (a) positive and (b) negative output
pulses
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non-inverting Schmitt is used. The output pulse has a period of roughly
0.7CR.

Two useful variants of the edge-detecting half-mono circuit are the
noiseless push-button switch of Figure 6.9, which effectively eliminates the
adverse effects of switch contact bounce and noise, and the power-on reset-
pulse generator circuit of Figure 6.10, which generates a reset pulse when
power is first applied to the circuit.

press  release

out - oV

-FZOnF
» ”JWOV.

Figure 6.9 Noiseless push-button switch

In Figure 6.9 the input of the non-inverting Schmitt is tied to ground via
high-value timing resistor R; and by input protection resistor R,, so the
output of the circuit is normally low. When push-button switch PB; is closed,
C, charges rapidly to the full positive supply value, driving the Schmitt output
high, but when PB, is released again C, discharges relatively slowly via R,
and the Schmitt output does not return low until roughly 20 ms later. The
circuit thus ignores the transient switching effects of PB; noise and contact
bounce etc., and generates a clean output pulse waveform with a period that is
roughly 20 ms longer than the mean duration of the PB, switch closure.

The Figure 6.10 circuit uses an inverting Schmitt and produces a 700 ms

V+

power
1 on
1 MQ |

R2
e [ [
c 10 k2 out

1+ —>(700ms|<—
oy

Figure 6.10 Power-on reset-pulse generator
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output pulse (suitable for resetting external circuitry etc.) when power is first
connected. When power is initially connected C, is fully discharged, so the
Schmittinputis pulled low and its output is switched high; C, then charges via
R, until, after about 700 ms, the C, voltage rises to such a level that the
Schmitt output switches low, completing the switch-on output pulse.

4001B/4011B monostables

The cheapest way of making a standard or a resettable monostable (or one-
shot) pulse generator is to use a 4001B quad two-input NOR gate ora4011B
quad two-input NAND gate in one of the configurations shown in Figures
6.11to 6.14. Note, however, that the output pulse widths of these circuits are
subject to fairly large variations between individual ICs and with variations in
supply rail voltage, and these circuits are thus not suitable for use in high-
precision applications.

Figures6.11and 6.12 show alternative versions of the standard monostable

. ————r—- v+
m |
L

t
r!gger | V+
A [}
-J
| V+
100 k2 out I
oV

Figure 6.11 Two-gate NOR monostable is triggered by a positive-going signal and
generates a positive-going output pulse

V+

R, ) V+
- in | | |
100 k2 IC, i 4011B —_———=
trigger i

n

Figure 6.12  Two-gate NAND monostable is triggered by a negative-going signal and
generates a negative-going output pulse
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circuit, each using only two of the four available gates in the specified CMOS
package. In these circuits the duration of the output pulse is determined by the
C,-R, values, and approximates 0.7 C; R,. Thus, when R, has a value of
1.5 MQ the pulse period approximates one second per microfarad of C, value.
In practice, C, can have any value from about 100 pF to a few thousand
microfarads, and R, can have any value from 4 kQ to 10 MQ.

An outstanding feature of these circuits is that the input trigger pulse or
signal can be direct coupled and its duration has little effect on the length of
the gencrated output pulse. The NOR version of the circuit (Figure 6.11) has a
normally low output and is triggered by the edge of a positive-going input
signal, and the NAND version (Figure 6.12) has a normally high output and is
triggered by the edge of a negative-going input signal.

Another feature is that the pulse signal appearing at point A has a period
equal to that of either the output pulse or the input trigger pulse, whichever is
the greater of the two. This feature is of value when making pulse-length
comparators, over-speed alarms, etc.

The operating principle of these monostable circuits is fairly simple. Look
first at the case of the Figure 6.11 circuit, in which IC,, is wired as a NOR gate
and IC,p, is wired as an inverter. When this circuit is in the quiescent state the
trigger input terminal is held low by R,, and the output of IC is also low.
Thus both inputs of IC,, are low, so 1C,, output is forced high and C, is
discharged.

When a positive trigger signal is applied to the circuit the output of IC,, is
immediately forced low and (since C, isdischarged at this moment) pulls 1C, 1,
input low and thus drives IC,, output high. IC,, outputis coupled back to the
IC,input, however, and thus forces 1C, , output to remain low irrespective of
the prevailing state of the trigger signal. As soon as IC,, output switches low,
C, starts to charge up via R, and, after a delay determined by the C-,-R,
values, the C; voltage rises to such a level that the output of 1C,, starts to
swing low, terminating the output pulse. If the trigger signal is still high at this
moment, the pulse terminates non-regencratively, but if the trigger signal is
low (absent) at this moment the pulse terminates regeneratively.

The Figure 6.12 circuit operates in a manner similar to that described
above, except that IC, is wired as a NAND gate, with its trigger input
terminal tied to the positive supply rail via R,, and the R, timing resistor is
taken to ground.

Inthe Figure 6.11 and 6.12 circuits the output is direct coupled back to one
input of IC, , to effectively maintain a trigger input once the true trigger signal
is removed, thereby giving a semi-latching circuit operation. These circuits
can be modified so that they act as resettable monostables by simply
providing them with a means of breaking this feedback path, as shown in
Figures 6.13 and 6.14.

Here, the feedback connection from IC;y, output to IC,, input is made via
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Figure 6.13  Resettable NOR-type monostable
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Figure 6.14 Resettable NAND-type monostable

R;. Consequently, once the circuit has been triggered and the original trigger
signal has been removed each circuit can be reset by forcing the feedback input
of IC,, to its normal quiescent state via push-button switch PB,. In practice,
PB, can easily be replaced by a transistor or CMOS switch etc., enabling the
reset function to be accomplished via a suitable reset pulse.

Flip-flop monostables

Medium-accuracy monostables can easily be built by using standard edge-
triggered CMOS flip-flop ICs such as the 4013B dual D-type or the 4027B
dual JK-type in the configurations shown in Figures 6.15 and 6.16. Both of
these circuits operate in the same basic way, with the IC wired in the frequency
divider mode by suitable connection of its control terminals (data and set in
the 4013B, and J, K, and set in the 4027B), but with the Q terminal connected



Pulse generator circuits 105

IC, is 4013B

V+
oV P= 0.7C1R1
hn A
set

in data Q
(trigger) 1C1

I ——clock ' *
Q

reset

1
Dl
ov

Figure 6.15  D-type flip-flop used as a monostable
IC, is 40278
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Figure 6.16 JK-type flip-flop used as a monostable

back to reset via a C-R time-delay network. The operating sequence of each
circuit is as follows.

When the circuit is in its quiescent state the Q output terminal is low and
discharges timing capacitor C, via R, and the parallel combination D,-R;.
On the arrival of a sharply rising leading edge on the clock terminal the Q
output flips high, and C, starts to charge up via the series combination R;-R;.
Eventually, after a delay determined mainly by the C,-R, values (R, is large
relative to R;), the C; voltage rises to such a value that the flip-flop is forced to
reset, driving the Q terminal low again. C, then discharges rapidly via R, and
D,-R,, and thecircuit is then ready to generate another pulse on the arrival of
the next trigger signal.
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The timing period of the Figure 6.15 and 6.16 circuits is roughly equal to 0.7
C R, and the reset period (the time taken for C, to discharge at the end of
cach pulse) roughly equals C|R,. In practice. R, is used mainly to prevent
degradation of the trailing edge of the pulsc waveform as C, discharges; R,
can be reduced to zero if this degradation is acceptable. Note that the circuit
generates a posilive-going output pulse at Q, and a negative-going pulse at Q
(not-Q), and the Q waveform is not influenced by the R, valuc.

The Figure 6.15 and 6.16 circuits can be made resetable by connecting C, to
the reset terminal via one input of an OR gate and using the other input of the
OR gate to accept the external reset signal. Figure 6.17 shows how the 4027B
circuit can be so modified.

IC, is4027B

IC, is 4071B =
V+ A P/O'7 O Ry
k J Lo
< Q t1
K ICld ou
m clock ko

(trigger)

Figure 6.17  Rescttable JK-type monostable

Finally, Figure 6./8 shows how the 4027B can be used to make a
retriggerable monostable in which the pulse period restarts each time a new
trigger pulse arrives. Note that the input of this circuit is normally high, and
that the circuit is actually triggered on the trailing (rising) edge of a negative-
going input pulsc. The circuit operates as follows.

At the start of each timing cycle the input trigger pulse switches low and
rapidly discharges C, via D, and then, a short time later, the trigger pulse
switches high again, releasing C, and simultaneously flipping the Q output
high. The timing cycle then starts in the normal way, with C, charging via R,
until the C, voltage rises to such a level that the flip-flop resets. driving the Q
output low again and slowly discharging C, via R,.

If a new trigger pulse arrives during a timing period (when Q is high and
charging C, via R}, C, discharges rapidly via D, on the low part of the
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IC, is 40278
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|

| |
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Q _14—.|_ l<——|_
out 2 out P Ip ov

V+

| I in
oV (trigger) i

Figure 6.18  Retriggerable JK-type monostable

trigger, and commences a new timing cycle as the input waveform switches
high again. In practice, the input trigger pulse must be wide enough to fully
discharge C,, but should be narrow relative to the width of the output pulse.
The timing period of the output pulse equals 0.7C; R;. For best results, R,
should have as large a value as possible.

7555 monostables

In all the monostable circuits that we have looked at so far, the width of the
output pulse depends on the threshold switching value of the IC that is used,
and this value is subject to considerable variation between individual ICs and
with variations in supply voltage and temperature. These circuits thus have
only moderate accuracy. If very high pulse-width accuracy is needed, the best
way of getting it is use a ICM7555 IC.

The ICM7555 is a CMOS version of the well known 555 timer chip, and
uses a built-in supply-line-referenced precision voltage comparator to
activate internal flip-flops and thus precisely control its triggered output pulse
width, irrespective of wide variations in supply rail value and temperature.
The 7555 can operate from supplies in the range 2 to 18 volts.

Figure 6.19 shows the basic way of using the 7555 as a manually triggered
variable long-period pulse generator. Timing components R; C, are wired
between the supply rails and have their junction taken to pins 6 and 7 of the
IC. The IC is triggered by briefly pulling pin 2 low (to less than one-third of
Vsupply) via PBy, at which moment the output (pin 3) switches high and the IC
enters its timing cycle, with C, charging up via R, . Eventually, after a delay of
1.1C, R, the C, voltage rises to the upper threshold switching value (two-
thirds of Vsupply) of the 7555, and the output switches abruptly low, ending the
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Figure 6.19 Manually triggered 1.1 s to 100 s monostable with reset facility

timing cycle. The timing cycle can be terminated prematurely, if required, by
briefly pulling reset pin 4 low via PB,.

In most practical applications of the 7555 the designer will want to trigger
the IC electronically, rather than electromechanically, and in this case the
trigger signal reaching pin 2 must be a carefully shaped negative-going pulse.
Its amplitude must switch from an off value greater than two-thirds of Vsypply
to an on valueless than one-third of Vsypply (triggering actually occurs as pin 2
drops through the one-third of Vsuppiy value). The pulse width must be greater

2t0 18 V +ve

R

2.2k

O

trigger

trigger

7555 3—‘ out

Cl : icl
T TlOnF
oy

Figure 6.20 Simple electronically triggered 7555 monostable
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than 100 ns but less than that of the desired output pulse, so that the trigger
pulse is removed by the time the monostable period ends.

One way of generating a suitable trigger signal from a rectangular or
square-wave input that switches fully between the supply rails is to connect
the signal to pin 2 via a short-time-constant C-R differentiating network,
which converts the leading or trailing edge of the waveform into suitable
trigger pulses as shown in Figure 6.20.

The best possible way of triggering the 7555, however, is to use one of the
previously described medium-accuracy monostables to generate a narrow
(100 ns or greater) positive-going trigger pulse that is direct coupled to pin 2 of
the 7555 via a transistor stage. Figure 6.2] shows the connections. Note that in
this and the previous circuit C, is used to decouple the trigger circuitry from
the effects of supply line transients etc.

2to 18V +ve
R
2 Rl
4.7 k2 4 8
trigger

—oe t
trigger R3 6 7555 3 ou
in

J L
27 k2

2N3904
1 5
e T = c,
[ ! 10 nF
ov

Figure 6.21  Pulse-triggered 7555 monostable

4047B and 4098B monostables

A number of dedicated CMOS monostable ICs are available and are worth
considering in some circuit applications. The best known of these devices are
the 4047B monostable/astable IC and the 4098B dual monostable (a greatly
improved version of the 4528B). Figure 6.22 shows the outlines and pin
notations of these two devices.

Note that, like most of the CMOS-based monostables that we have already
looked at, the 4047B and 4098B have rather poor pulse-width accuracy and
stability. These ICs are, however, quite versatile, and can be triggered by
either the positive or the negative edge of an input signal, and can be used in
either the standard or the retriggerable mode.

The 4047B actually houses an astable multivibrator and a frequency
divider stage, plus logic networks. When used in the monostable mode the
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Figure 6.22  Outlines and pin notations of the 4047B monostable/astable IC and the
4098 B dual monostable

trigger signal actually starts the astable and resets the counter, driving its Q
output high. After a number of C-R controlled astable cycles the counter flips
over and simultaneously kills the astable and switches the Q output low,
completing the operating sequence. Consequently, the C-R timing compon-
ents produce relatively long output pulse periods approximating 2.5CR.

In practice, R can have any value from 10 kQ to 10 MQ. C must be a non-
polarized capacitor with a value greater than | nF. Figures 6.23(a) and (b)
show how to connect the IC as a standard monostable triggered by either
positive (a) or negative (b) input edges, and Figure 6.23(¢) shows how to
connect the monostablein the retriggerable mode. Note that these circuits can
be reset at any time by pulling pin 9 high.

The 4098B is a fairly simple dual monostable, in which the two mono
sections share common supply connections but can otherwise be used
independently. Mono 1 is housed on the left side (pins I to 7) of the IC and
mono 2 on the right side (pins 9 to 15) of the IC. The timing period of each
mono is controlled by a single resistor R and capacitor C, and approximates
0.5CR. R can have any value from 5 kQ to 10 MQ, and C can have any value
from 20 pF to 100 uF. Figure 6.24 shows a variety of ways of using the 4098B.
Note that in these diagrams the bracketed numbers relate to the pin
connections of mono 2 and the plain numbers to mono 1, and that the reset
terminal (pins 3 or 13) is shown disabled.

Figures 6.24(a) and (b) show how to use the IC to make retriggerable
monostables that are triggered by positive or negative input edges, respect-
ively. In Figure 6.24(a) the trigger signal is fed to the +trigger pin and the
—trigger pin is tied low. In Figure 6.24(b) the trigger signal is applied to the
—trigger pin and the + trigger pin is tied high.

Figures 6.24(¢) and (d) show how to use the IC to make standard (non-
retriggerable) monostables that are triggered by positive or negative edges,
repectively. These circuits are similar to those mentioned above except that
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Figure 6.24  Various ways of using the 4098 B monostable: (a) positive-edge-triggering
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the unused trigger pin is coupled to either the Q or the not-Q output, so that
trigger pulses are blocked once a timing cycle has been initiated.

Finally, Figure 6.24(e) shows how the unused half of the IC must be
connected when only a single monostable is wanted from the package. The
—trigger pin is tied low, and the +trigger and reset pins are tied high.



7 Clocked flip-flops

CMOS digital ICs can be classified into two basic types: those based on simple
gate networks (logic types), and those based primarily on clocked flip-flop
(bistable or memory) elements. The latter include simple counter/dividers,
shift registers and data latches, and complex devices such as presettable up/
down counters and dividers; in all these cases, however, the devices are based
on the simple clocked flip-flop element.

In this chapter we explain how the clocked flip-flop circuit works, and then
go on to introduce some simple CMOS flip-flop ICs and show some practical
ways of using them. As an immediate follow-up the next two chapters
introduce a range of advanced counter/divider ICs and associated devices,
together with a stack of applications information.

Basic principles

The simplest type of CMOS flip-flop is the cross-coupled bistable. Figure 7.1
shows the circuit, symbol and truth table of a NOR gate version of this

set

ey EE
0 0 stays the same

0 1 0 1

ﬁ B r 3L tlof 1 o

reset w. Q 1 1 disallowed

(a) (b) (c)
Figure 7.1 (a) Circuit, (b) symbol and (c) truth table of a NOR-type (S-R) flip-flop

114
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device, which has two input terminals (normally tied low via pull-down
resistors) and a pair of anti-phase output terminals (Q and not-Q or Q).

The basic action of the circuit is such that if the set terminal is briefly taken
high (to logic-1) the Q output immediately switches high (and the not-Q
output switches low), and the cross-coupling then causes the outputs to latch
into this state even when both inputs are pulled low again. The only way that
the output states can be changed is to apply a logic-1 to the reset terminal, in
which case the Q output immediately switches low (and the not-Q output
switches high), and the cross-coupling then causes the outputs to latch into
this new state even when both inputs are pulled low again.

Thus, the basic set-reset (S-R) flip-flop acts as a simple memory element
which ‘remembers’ which of the two inputs last went high. Note that if both
inputs go high simultaneously the output states cannot be predicted, so this
event must not be allowed to occur.

set o—— N\
4081 S Q

N /

clock —
4081 R Qp—e

reset &———

Figure 7.2 Clocked S-R flip-flop

The versatility of the basic Figure 7.1 circuit can be greatly enhanced by
wiring an AND gate in series with each input terminal, using the connections
shown in Figure 7.2, so that high input signals can only reach the S-R flip-flop
when the clock signal is also high. Thus, when the clock signal is low, both
inputs of the S-R flip-flop are held low, irrespective of the states of the set and
reset inputs, and the flip-flop acts as a permanent memory, but when the clock
signal is high the circuit acts as a standard R-S flip-flop. Consequently,
information is not automatically latched into the flip-flop, but must be
clocked in via the clock terminal: this circuit is thus known as a clocked S-R
flip-flop.

Figure 7.3 shows how two of these clocked S-R flip-flops can be cascaded
and clocked in anti-phase (via an inverter in the clock line) to make the most
important of all flip-flop elements, the so-called clocked master-slave flip-
flop. The basic action of this circuit is as follows.

Master-slave flip-flop
When the clock input terminal of Figure 7.3 1s in the low state the inputs to the

master flip-flop are enabled via the inverter, so the set-reset data is accepted,
but the inputs to the slave flip-flop are disabled, so this data is not passed to
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set-up or output or
master flip-flop slave flip-flop
| 1 I 1
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clock R = R Tl N
reset Q Q Q —R Q-
4081 4081
symbol

Figure 7.3  Clocked master-slave flip-flop circuit and symbol

the output terminals. When the clock input terminal goes to the high state the
inputs to the master flip-flop are disabled via the inverter, which thus outputs
only the remembered input data, and simultaneously the input to the slave
flip-flop is enabled and the remembered data is latched and passed to the
output terminals.

Thus, the clocked master-slave flip-flop accepts input data or information
only when the clock signal is low, and passes that data to the output on the
arrival of the leading edge of a positive-going clock signal (edge clocking). The
clocked master-slave flip-flop is such an important device that it is given its
own circuit symbol, as shown.

T clock

Ql—

symbol

Figure 7.4 A toggle or type-T flip-flop is a Figure 7.3 type configured as shown

The clocked master-slave flip-flop can be made to give a toggle (divide-by-
two) action by cross-coupling input and output terminals as shown in Figure
7.4, so that set and Q (and reset and not-Q) logic levels are always opposite.
Consequently, when the clock signal is low the master flip-flop receives the
instruction ‘change state’, and when the clock goes high the slave flip-flop
executes the instruction; so the output changes state on the arrival of the
leading edge of each new clock pulse. It takes two clock pulses to change the
output from one state to another and then back again, so the output switching
frequency is half that of the clock frequency. This circuit, which is known as a
toggle or type-T flip-flop, thus acts as a binary counter/divider.
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Figure 7.5 (a) Basic circuit, (b) symbol and (¢ ) truth table of a simple D-type flip-flop

D and JK flip-flops

The type-T flip-flop is a specialized element which acts purely as a counter/
divider. A far more versatile device is the data or type-D flip-flop, which is
made by connecting the clocked master-slave flip-flop in the configuration
shown in Figure 7.5. Here an inverter is wired between the S and R terminals
of the flip-flop, so that these terminals are always in anti-phase and the input
data is applied via a single data pin. Figures 7.5(b) and (¢) show the symbol
and truth table of the type-D flip-flop. It can be used as a data latch by using
the connections shown in Figure 7.6(a), or as a binary counter/divider by
using the connections shown in Figure 7.6 (b) (with the D and not-Q terminals
coupled together).

data

out ¢
data e D Q ou
in 12
clock & clock o——]

clock
o] B 3
(a) (b)

Figure 7.6 A4 D-type flip-flop can be used as (a) a data latch or (b) a divide-by-two
(binary counter|/divider) circuit

Figure 7.7 shows the basic circuit, symbol and action table of an even more
important and versatile clocked flip-flop, which is universally known as the
JK-type flip-flop. This flip-flop can be ‘programmed’ to act as either a data
latch, a counter/divider, or a do-nothing element by suitably connecting the J
and K terminals asindicated in the table. In essence, the JK flip-flop actslike a
T-type when both J and K terminals are high, or as a D-type when the Jand K
terminals are at different logic levels. When both Jand K terminals are low the
flip-flop states remain unchanged on the arrival of a clock pulse.

4013B and 4027B flip-flops

The two best known CMOS clocked flip-flop ICs are the 4013B D-type and
the 4027B JK-type. Both of these ICs are duals, each containing two
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S Q —J OF—
clock clock — clock
R Ql—e — Q
K e——
(a) ®
J K clocking action
0 0 does nothing (inhibits)
0 1 sets Q output low
1 0 sets Q output high
1 1 changes output state
(c)
Figure 7.7 (a) Basic circuit, (b) symbol and (c) action table of the JK flip-flop
V+
T14
set 1 i—|
D 3 1 =
1 Q
3 FF‘ 2
clock 1 Q, Q1 14— v+
reset 1 4———l Q2 131—Q,
8 clock 1— 3 12—Q,
set 2 — ] 11— ¢
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D, Q, data 1—]5
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clocked inputs direct inputs
D cock|Q Q R S| o q
0 Ir |0 1 0 0 clocked
operation
1 I 0 0 1 1 0
Q I | changes 1 0 0 1
(c) 1 1 disallowed
Figure 7.8 (a) Functional diagram, (b) outline and (¢) truth tables of the 4013 B dual

D-type flip-flop
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Figure 7.9  (a) Functional diagram, {b) outline and (¢ truth tables of the 4027 B dual
JK flip-flop

independent flip-flops sharing common power supply connections. Figure 7.8
shows the functional diagram, pin connections, and truth tables of the 4013B.
and Figure 7.9 shows similar details of the 4027B.

Note that both of these ICs have set and reset input terminals that are
additional to the connections shown in the basic Figures 7.5 and 7.7 circuits.
Thesc terminals arc known as direct inputs and enable the clock action of the
flip-flop to be overridden, so that the devices can act as simple unclocked set-
reset flip-flops. For normal clocked operation (as a counter/divider or data
latch ctc.). the direct R and S terminals must be tied to logic-0 as indicated.

The 4013B and 4023B are fast-acting ICs, and when using them it is very
important to note that their clock signals must be absolutely clean (noise-free
and bounccless) and have rise and fall times of less than 5 ps. The 4013B is
particularly fussy about the shape of'its input clock signals, the 4027B rather
less so. Both deviees clock or shift on the positive transition of the clock signal.
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Figure 7.10  Divide-by-two counters made from (a) D and (b) JK flip-flop stages

Ripple counters

The most popular application of the clocked flip-flop is as a binary counter,
and Figure 7.10 shows how to connect the 4013B D-type and 4027B JK-type
flip-flops to make divide-by-two counters. In both cases the Sand R terminals
are tied to logic-0 to accept clocked operation. In the case of the 4013B the
not-Q output is tied directly to the data input terminal, while in the case of the
4027B the J and K terminals are both tied high (to logic-1) to give counter/
divider action. When clocked by a fixed-frequency waveform both circuits
give a symmetrical square-wave output at half of the clock frequency.

112 f/4 V+ 12 v+ 114
\—— D Q L D Q —{J Q JQ
) —K K
fin—»—]clock clock fin——clock clock
S S —s S 5
R Q R Q R O R
4013B 4013B 4027B 4027B
oV OV 77

Figure 7.11 D and JK versions of divide-by-four ripple counters

Numbers of the Figure 7.10 stages can be cascaded to give multiple binary
division by simply clocking cach new stage from the not-Q output of the
preceding stage. Thus Figure 7.11 shows how two D or JK stages can be
cascaded to give an overall division ratio of four (22), and Figure 7.12 shows
how three stages can be cascaded to give a division ratio of cight (23). Figure
7.13 shows how D stages can be cascaded to make a divide-by-2¥ counter,
where N is the number of counter stages. Thus, four stages give a ratio of
sixteen (24), five stages give 32 (2%), six give 64 (29), and so on.

The Figure 7.11 to 7.13 circuits are known as ripple counters. because cach
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Figure 7.12 D and JK versions of divide-by-eight counters
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Figure 7.13 D version of divide-by-2N ripple counter

stage is clocked by the preceding stage (rather than directly by the input clock
signal), and the clock signal thus seems to ripple through the counter.
Inevitably, the propagation delays of the individual dividers all add together
to give a summed delay at the end of the chain, and counter stages (other than
the first) thus do not clock in precise synchrony with the original clock signal;
such counters are thus asynchronous in action. If the outputs of the counter
stages are decoded via gate networks, the propagation delays of the
asynchronous counter can result in unwanted output signals (see section
‘Decoding’ in this chapter).
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Long ripple counters

Type 4013B and 4027B counters can be cascaded to give any desired number
of ripple stages. Where more than four stages are nceded, however, it is
usually economic to use a special-purpose MSI ripple-carry binary counter/
divider IC. Figures 7.14 1o 7.17 show the outlines and functional diagrams of
four popular ICs of this type.

V+
\\ p
cock—| ! ] SV 4o,
reset — L NC clock o | I E—=0Q,
Q, - Q] sevensstage 9b— Q 3
Q| —Q, ripple 6— Q;
. y te - N

QS l—NC counter 5 —Q;
Qy — — Q, reset— 2 4 Q,
0oV — — NC 3F—0-
7 8 7 9

oV

Figure 7.14  Outline and functional diagram of the 4024 B seven-stage ripple counter

V+
16 9 _Ql
71—
clock =10 61— Qs
5—0Q,

1 ~ 16 , 3

Q2 — — V+ twelve-stage j — Qs
Qp — —Qpy ripple < —Q(,
Qs — —Qq counter 41-0,
Q; — —Qs 131—0Qg
Q — — Qg 121—Q
Q; — —reset reset — 11 141—Qo
Q — — clock 151—0Q,
Ov—g NS 8 1—Qn

(VY
Figure 7.15  Outline and functional diagram of the 4040B twelve-stage ripple counter

The 4024B (Figure 7.14) is a seven-stage ripple unit with all seven outputs
externally accessible; it gives a maximum division ratio of 128. The 4040B
(Figure 7.15) is a twelve-stage unit with all outputs accessible; it gives a
maximum division ratio of 4096. The 4020B (Figure 7.16) is a fourteen-stage
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Figure 7.16  Outline and functional diagram of the 4020 B fourteen-stage ripple counter

unit with all outputs except 2 and 3 externally accessible; it gives a maximum
division ratio of 16334.

Figure 7.17 gives details of the 4060B. This is another fourteen-stage unit,
butdoes not have outputs 1,2, 3 and 11 externally accessible. A special feature
of this IC is that it incorporates a built-in clock oscillator circuit. The diagram
shows the connections for using the internal circuit as either a ¢rystal or an R-
C oscillator.

Note that the 4020B, 4024B, 4040B, and 4060B ripple counters are all
provided with Schmitt trigger action on their input terminals, and can thus be
clocked via slow or non-rectangular input waveforms. They all trigger on the
ncgative transition of each input pulse. All counters can be set to zero by
applying a high level (logic-1) to the reset line.

Decoding

The outputs of a two-stage divide-by-four ripple counter (Figure 7.18(a))
have four possible coded states. as shown in Figure 7.18(b ). Thus, at the start
or 0 reference point of each clock cycle the Q, and Q, outputs are both in the
logic-0 state. On the arrival of the first clock pulse in the cycle, Q, switches
high. On the arrival of the second pulse, Q, goes high and Q, goes low. On the
third pulse, Q, and Q, both go high. Finally on the arrival of the fourth pulse
Q, and Q, both go low again, and the cycle is back to its original 0 reference
state.
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Figure 7.17  (a) QOutline, (b) functional diagram and alternative oscillator connections
of the 4060B fourteen-stage ripple counter (¢) crystal oscillator (d) R-C oscillator

Each of the four possible coded states of the ripple counter can be decoded,
to give four unique outputs, by ANDing the high outputs that are unique to
each state, as shown in Figure 7.18(c¢). Since the ripple counter is an
asynchronous device, however, the propagation delay between the two flip-
flops may cause signals or ‘glitches’ to appear in the decoded outputs, as
illustrated by the 0 decoded waveforms of Figure 7.18(d).

The principles outlined in Figure 7.18 can be extended to any multistage
ripple counter in which the coded outputs are accessible for decoding. Note,
however, that the greater the number of stages the greater the total
propagation delays and, consequently, the greater the magnitude of the
decoded glitches.

Up and down counters

A standard ripple counter is one in which positive-edge-clocked flip-flops are
used, and in which each stage (except the first) is clocked from the not-Q
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Figure 7.18  (a) Circuit and (b) coded output states of a two-stage ripple counter. Each
of the four possible coded states can be decoded via a two-input AND gate (¢), but in a
ripple counter the decoded outputs may not be glitch-free (d)

output of the preceding stage. As shown from the coded output states of
Figure 7.18(b) the binary outputs of a standard counter increase with each
succeeding pulse of the clock cycle. and such countersare inherently known as
up or add counters.

It is, however, possible to make down or subtract counters, in which the
binary-coded output decreases with each new clock pulse, by simply clocking
each flip-flop stage (except the first) from the Q output of the preceding stage.
Figure 7.19 shows the circuit and truth table of a two-stage (divide-by-four)
ripple down or subtract counter.

Walking-ring (Johnson) counters

Ripple counters are very useful where undecoded binary division is needed,
but (because of the glitch problems) are not very suitable for use in decoded
counting applications. Fortunately, an alternative dividing technique that is
suitable for use in decoded counting applications is available. It is known
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Figure 7.19  (a) Circuitand ( b) truth table of a vo-stage ( divide-by-four ) ripple down
counter

as the walking ring or Johnson technique. Such circuits rely on the
programmable naturc of JK flip-flops that cnables them to act as either set or
resct latches, as binary dividers, or as do-nothing devices. In walking-ring
(Johnson) counters all flip-flops are clocked in parallel, and thus operate in
synchrony with the input clock signal, and are known as synchronous
counters. They give glitch-free outputs.

Figure 7.20 shows the circuit and truth tables of a synchronous divide-by-
three counter. Note that the truth table shows the action state of cach flip-flop
at cach stage of the counting cycle; remember that when the clock is low the
action instruction 1s loaded (via the JK terminals) into the flip-flop, and the
instruction is then carried out as the clock signal transitions high.

Thus at the start of the cycle (clock low), when Q5 and Q, arc both low the
instruction “change state’ (11) is loaded into FF |, and the instruction ‘set Q»
low™ (01) is loaded into FF,. On the arrival of the first clock pulse this
instruction is carried out, and Q, goes high and Q, stays low.

When the clock goes low again, new program information is fed to the flip-
flops. FF, is instructed to ‘change state’ (11) and FF, is instructed ‘set Q,
high’ (10); these instructions are implemented on the positive transition of the
second clock pulse, causing Q, to go high and Q, to go low. When the clock
goes low again new program information is again fed to the flip-flops from the
outputs of their partners. FF, is instructed “set Q; low™ (01) and FF, is
instructed ‘sct Q, low’ (01); these instructions are implemented on the positive
transition of the next clock pulse, causing Q, and Q, to go back to their
original 0 states. The counting sequence then repeats ad infinitum.

Thus in the walking-ring (Johnson) counter all flip-flops are clocked in
parallel, but are cross-coupled so that the clocking responsc of any one stage
depends on the states of the other stages. Walking-ring counters can be
configured to give any desired count ratio, and Figures 7.21 and 7.22 show the
circuits and truth tables of divide-by-four and divide-by-five counters
respectively.
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Figure 7.20  (a) Circuit and (b) truth tables of a synchronous divide-by-three counter
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Figure 7.21  (a) Circuit and (b) truth table of a synchronous divide-by-four counter
4018B divide-by-N counter

When synchronous count numbers greater than four are needed it is usually
economical to use an MSI CMOS IC such as the 4018B (rather than several
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Figure 7.22  (a) Circuit and (b) truth table of synchronous divide-by-five counter
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Figure 7.23  Outline and functional diagram of the 4018B presettable divide-by-N
counter

4027Bs) to perform the function. Figure 7.23 shows the functional diagram
and outline of the 4018B presettable divide-by-N counter; it can be made to
divide by any whole number between two and ten by merely cross-coupling its
data and output terminals in various ways.

The 4018B incorporates a five-stage Johnson counter, has a built-in
Schmitt trigger in its clock line, and clocks on the positive transition of the
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Figure 7.24 Methods of connecting the 4018B for divide-by-two to divide-by-ten

operation



130 Clocked tlip-flops

input signal. The counter is said to be presettable because its outputs can be
set to a desired state at any time by feeding the inverted version of the desired
binary codctotheJ, toJs ‘Jam’ inputsand then loading the data by taking the
preset cnable (pin 10) terminal high.

Figure 7.24 shows methods of connecting the 4018B to give any whole-
number division ratio between two and ten. On cven division ratios no
additional components are needed, but on odd ratios a two-input AND gate
is needed in the feedback network: this can be a single 4081B AND gate, or
can bc made from two 401 1B NAND gates.

fin=] <6 +2 | out f/12
fin <6 > +6 |—= out f/36
Sin +5 +10 |—» out f/50
fnd 10 > +10 <10 f— out /1000

Figure 7.25  Typical examples of division by numbers greater than ten
Greater-than-ten division

Even division ratios greater than ten can usually be obtained by simply
cascading suitably scaled counter stages, as shown in Figure 7.25. Thus, a
divide-by-two and a divide-by-six stage give a ratio of twelve, a divide-by-six
and a divide-by-six give a ratio of 36, and so on. Non-standard and uneven
division ratios can be obtained by using standard synchronous counters (such
as the 4018B) and decoding their outputs to gencrate suitable counter-reset
pulses on complction of the desired count. More advanced types of counter,
together with special decoder ICs. are discussed in the next two chapters.

Latches and registers

To round off this chapter, let’s move away from counters and take a brief look
at three other applications of the clocked master-slave flip-flop. Figure 7.26
shows how to make a four-bit data latch from four D-type flip-flop stages (for
an eight-bit latch, usc eight flip-flops). The data latch is useful for storing
numbers. data, etc. Input data isignored until a positive store pulse is applied.
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Figure 7.26  Four-bit data latch
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Figure 7.27  Four-bit serial-iniserial-out ( SISO) shift register
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at which point the latch stores and outputs that data and maintains it until
told to do otherwise via a new store command.

Figure 7.27 shows how to make a four-bit serial-in/serial-out (SISO) shift
register. If a bit of binary data is applied to the input it is passed to the output
of the first flip-flop on the application of the first clock pulse, then to the
output of the second on the second pulse, to the output of the third on the

parallel outputs

[ Qy I Q. ] Q; Q4
serial o D Q D Q D Q Q serial
m out

clock Q clock Q clock Q clock Q]

4013B 4013B 4013B 4013B

R S R S R S R S

o & -

Figure 7.28  Four-bit serial-iniparallel-out ( SIPO) shift register
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clock
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third pulse, and to the fourth (final) output on the fourth pulse. The circuit
can hold four bits of data at any given moment. The SISO register is useful for
simply delaying binary signals, or for storing bits of binary data and
unloading them (in serial form) when required.

Finally, Figure 7.28 shows how the above circuit can be converted to a
serial-in/parallel-out (SIPO) shift register by simply taking the parallel
outputs from the Q outputs of all flip-flops. This register is useful for
converting serial data into parallel form.



8 Up and up/down
counters

In the previous chapter we looked in detail at CMOS D and JK flip-flops and
showed how they can be used to make a variety of types of simple counting/
dividing and other circuits. In this chapter we continue this theme by looking
at sophisticated CMOS up and up/down counter/dividers. We round off the
subject in Chapter 9 by looking at dedicated down counters and at various
types of decoders and display drivers.

The 4017B decade counter

The best known sophisticated CMOS up counter is the 4017B. This is a five-
stage synchronous walking-ring or Johnson decade counter with ten fully
decoded outputs that switch high sequentially on the arrival of each new clock
pulse, only one output being high at any moment. Each output can sink or
source up to several milliamperes of current.

Figure 8.1 shows the outline and functional diagram of the 4017B, and
Figure 8.2 shows the basic timing diagram of the device, which has clock,
reset, and inhibit input terminals and ten decoded and one carry output
terminal.

The 4017B’s counters are advanced one step at each positive transition of
the clock input signal when the clock inhibit and reset terminals are both low.
Nine of the ten decoded outputs are low, with the remaining one high, at any
given time. The outputs go high sequentially, in phase with the clock signal,
with the selected output remaining high for one full clock cycle. An additional
carry out signal completes one cycle for every ten clock input cycles, and can
be used to ripple-clock additional 4017s in multidecade counting circuits.

133
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Figure 8.1  Qutline and functional diagram of the 4017B decade counter

The 4017B counting cycle can be inhibited by setting the clock inhibit
terminal (pin 13) high. A high signal on the reset terminal (pin 15) clears the
counters to zero and sets the decoded 0 output terminal high. In use. all
unused inputs of the [C must be tied high or low. as appropriate. The IC has a
built-in Schmitt trigger on its clock line, and is thus not fussy about clock-
signal rise and fall times.

4017B applications

Figures 8.3 to 8.6 show some basic ways of using the 4017B in counting
applications. In Figure 8.3 the IC is connected as a decade counter/divider in
which the output frequency is one-tenth of the input clock frequency. Here,
the reset and inhibit terminals are grounded and the output is taken from the
carry out terminal, the decoded outputs being ignored.

Figure 8.4 shows how three decade dividers of the Figure 8.3 type can be
cascaded to make a three-decade divider that generates outputs at 1/10th,
1/100th and 1/1000th of the clock frequency; the carry out signal of each
counter is used to provide the clock signal to the following stage. Note that in
this particular circuit the four outputs are buffered via simple CMOS
inverters (made from 4001 gates etc.), to ensure that output loading does not
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Figure 8.2  Waveform timing diagram of the 4017B, with its reset and clock inhibit
terminals grounded
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reset inhibit
8 15 13

VS

Figure 8.3 4017B connected as a decade counter/divider

degrade the clock signal rise times. Thus, if the clock input signal is derived
from a 1 MHz crystal oscillator, the circuit can be used as a laboratory
frequency standard, generating frequencies of 1 MHz, 100 kHz, 10 kHz, and
1 kHz.

Figure 8.5 shows a simple method of connecting the 4017B as a divide-by-N
counter (N = any whole number from two to nine) with N decoded outputs.
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1€, =4001B V+ (50 15 V)
1(} -1C,y = 4017B
I 16 Il6 '1 6
. 14 carry [12 14 carry |12 14 . carry 12
. c IC Y
fin clock 1€, out clock IC: out clock Cy out
(] reset inhibit ] reset inhibit L] reset inhibit -
W 8 15 13 w 8 15 13 v 8 15 13 w
o] Q Q O
ov oV ov
; mn 7110 m 71100 mn #1000

Figure 8.4  Any number of 4017 Bs can be cascaded to make a multidecade divider. If the
outputs are externally loaded they should be buffered, as shown here
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Figure 8.5 Simple method of connecting the 4017 B as a divide-by-N (N = two to nine )
counter with N decoded outputs. The circuit is shown set for divide-by-five operation

Here, the Nth decoded output is simply short circuited to the reset terminal so
that the counter resets to zero on the arrival of the Nth clock pulse. In the
diagram, the circuit is set for divide-by-five operation.

Figure 8.6 shows a slightly more sophisticated version of the divide-by-N
counter, in which logic gates control the reset operation via the IC, ,-1C, , flip-
flop. The operation here is such that the reset command is given on the arrival
of the Nth clock pulse and is maintained while the clock pulse remains high,
but is removed automatically when the clock pulse goes low again.

Sequencing

The most important feature of the 4017B is the fact that it provides up to ten
fully decoded outputs, making the IC ideal for use in a whole range of



Up and up/down counters

clock
input

V+(5to15V)
1S 16
reset
clock inhibit
4017B
outputs
1 23 4 5 6 7 8 9

]

IC, = 4001

31417 101 1] sl ol 9l11

[¢— N'th output

137

ov

Figure 8.6  Alternative method of connecting the 4017 B as a divide-by-N counter. The
circuit is shown set for divide-by-five operation

sequencer applications in which the outputs are used to drive LED displays,
relays, sound generators, etc. Figures 8.7 and 8.8 show ways of extending the
usefulness of the IC in such applications.

Figure 8.7 shows how to connect the IC so that it stops operating after
completing a predetermined counting sequence. In the diagram the counter is
set to stop when its clock inhibit terminal is driven high by the 9 output, but
the counter can in fact be inhibited via any one of the 4017’s decoded output
terminals. The count sequence can be restarted by pressing reset button PB;.

V+(5to 15 V)

16
reset |
clock inhibit
signal == clock 4017B
input 14
outputs 0 1 2 3 4 5 6 7 8 9
pins B

Figure 8.7 Method of connecting the 4017B for sequence-and-stop action
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Figure 8.8 A ten- to seventeen- stage counter/decoder, set for divide-by-seventeen
operation

Finally, Figure 8.8 shows how a pair of 4017Bs can be connected to give up
to seventeen stages of fully decoded counting. The clock input signal is fed to
both ICs, but when the count is below nine the 9 output of IC, is low and
causes the clock inhibit terminal of 1C, to be set high via [C;., so IC, is not
influenced by the clock signals. When the ninth clock pulse arrives the 9
output of IC, gocs high and inhibits IC, from further clocking action;
simultaneously, the clock inhibit terminal of 1C, is driven low via 1Cjse,
cnabling IC, to respond to subsequent clock signals. Eventually, on the
arrival of the seventcenth clock pulse, the 9 output of IC, goes momentarily
high and triggers the IC;,-1C5p 15 s monostable, which resets both counters
to their O states. The counting sequence then repeats.

Note that the 9 output of IC; and the 0 and 9 outputs of IC, are lost in the
counting action, so the circuit gives a maximum of seventcen usable counter/
divider stages. The circuit can be made to count by any number in the range
ten to seventeen by connecting the {ree terminal of IC;, to the appropriate
output terminal of IC,.

The 4022B octal counter

The 4022B can be regarded as an octal (divide-by-cight) brother of the 4017B.
[t is a four-stage walking-ring synchronous counter with cight fully decoded
outputs, so arranged that they go high sequentially. Figure 8.9 shows the
outline and functional diagram of the device. For normal octal counting, the
resct and inhibit terminals are tied low: the carry out signal completes one
cycle for every cight input clock cycles. The IC has a built-in Schmitt trigger
on its clock input line, and is thus not fussy about clock-signal rise and fall
times. The clock is inhibited by a high signal on pin 13; the counteris reset by a
high signal on pin 15; and the counter advances on each positive transition of
the clock signal.
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Figure 8.9  OQutline and functional diagram of the 4022B octal counter

Synchronous up counters

Synchronous up counters are normally used in fairly simple applications in
which itis necessary to merely count a number of input pulses, or divide them
by a fixed ratio, and (perhaps) then display the results on a seven-segment
LED or LCD readout unit.

Three basic families of CMOS up counters are readily available, to suit
virtually all possible needs. The oldest family comprises the 4026B and 4033B
types, which are decade counters with built-in decoders which give seven-
segment display outputs that can directly drive sensitive LED displays.
Another family of devices comprises the 4518B and 4520B duals, which house
two counters in each sixteen-pin package. The 4518Bis a dual decade counter
with BCD outputs, and the 4520B is a dual hexadecimal (divide-by-sixteen)
counter with a four-bit binary output. The outputs of these ICs must be
decoded externally if they are to be used to drive seven-segment displays etc.

The third family of up counters comprises the 40160B to 40163B range of
presettable counters, which can be made to reset to (or start to count from)
cither zero or any four-bit number that is fed into a set of four preset (jam)
pins. The 40160B and 40162B are decade dividers, and the 40161B and
40163B arc binary dividers.

Let’s now look at details of each of these three families of up counters,
starting with the 4026B and 4033B types.
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4026B and 4033B counters

The 4026B and the 4033B are synchronous up counters which incorporate
decoding circuitry that gives a seven-segment output suitable for directly
driving a sensitive seven-segment common-cathode LED display; the output
drive currents are limited to only a few milliamperes. Both IC’s have clock,
clock inhibit, and reset input terminals, and a carry output terminal that
completes one cycle for every ten input clock cycles and can be used to clock
following decades in a counting chain. The counters are advanced on the
positive transition of the input clock cycle.

V+
lis
-
clock ! -E) a @
112, |2
A E
16 o
clock v+ clock _1.3 c 5
inhibit 4026B 9 3
clock inhibitj b— reset five-stage — d :O:,
display enable in |— ungated ¢ Johnston (1! € %;
displ bl segment out co;n er 6 g
isplay enable out — ¢ an — f D
4026B reset 1_5- severn-segment b s
carry out— —b decoder e _|
f — l—e¢ i carry out
a 4 display
g —] [— display —1'; enable out
ov— s l_d enable in 3] [ ungated ¢
9 segment out

: §

oV

segment
designations

Figure 8.10  Outline and functional diagram of the 4026 B decade counter with seven-
segment display driver and display enable control

Figure 8.10 shows the outline and functional diagram of the 4026B. This IC
features display enable input and output terminals, which enable the entire
display to be blanked. Normally, the display enable in pin is held high; the
display blanks (but the IC continues to count) when this pin is pulled low. The
IC also has an ungated ¢ segment output terminal, which can be used with
external logic to make the IC count by numbers other than ten.

Figure 8.11 shows the outline and functional diagram of the 4033B. This IC
features ripple blanking input and output (RBI, RBO) terminals, which can
be used to automatically blank leading and trailing zeros in multidecade
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Figure 8.11  Outline and functional diagram of the 4033B decade counter with seven-

segment display driver and ripple blanking facility

applications; the 0 display blanks automatically when the ripple blanking
input pin is held low. The IC also features a lamp test pin, which is normally
held low but which drives all seven decoded outputs high when the input pin is
taken high.

Figure 8.12 shows how to connect the 4026B and the 4033B for simple
decade counter/display operation. In both cases the reset and clock inhibit
terminals are tied low. In the case of the 4026B, the display enable input must
be tied high if the display is to be illuminated. In the case of the 4033B, the

to seven-segment display to seven-segment display

T —
V¢ a2 b ¢ d e f g V+ vi Ta b ¢ d e f g v+
0f 124 3t ot 61 Llo 12 15t 91 1] 6] 7 J
3 |display 16 2 RBI 16
enable in :
1 4026B carry carry
clock -»—] clock out —»—clock 4033B out |
i 5 to clock 5 to clock
m clock h lamp  clock input of
reset inhibit input of reset  test inhibit ey
nex
L 2 decade 15 14 2 8 decade
ov ov

177

Figure 8.12  Method of connecting the 4026 B and 4033 B for normal decade dividing/
display operation. In the case of the 4033 B, the RBI connection does not give suppression
of display zeros
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ripple blanking input terminal must be tied high if the display is required to
give normal operation, or must be tied low if it is required to give zero
suppression. Note that in both circuits, if multidecade counting is to be used,
the carry out of one stage must be used to provide the clock input signal of the
next stage.

hundred tens units tenths hundredths
display display display display display
—{carry oo 3 cloc carl . ‘lock curry ‘loc carry loc! clock
Vo lock fefcarry, clock e carry lock carry - clock . clock e
out 1G5 ¢ out 'Cs out 163 out 1€, out 1€, in
4033B 4 4033B 4 4033B 4033B 3 4033B
T[RBI ? RBO [=—RB1 RBO [ RBI RB1—<4-RBU RBIfS

]TSIM [: ’8 ‘ IIS '14 l: 8 » llsTm l: |8 15 e ]2 8 15 a2 s
ov /7'I77 ﬂJﬂ /77T77 ov

Figure 8.13  Method of connecting the RBI and RBO terminals of the 4033B to give
leading and trailing zero suppression in a multidecade display so that, for example, the
count 009.90 is displayed as 9.9

Finally, Figure 8.13 shows how to interconnect several 4033Bs to give
automatic suppression of leading and trailing zeros so that, for example, the
count 009.90 will actually be displayed as 9.9. To get leading zero suppression
(on the integer side) the RBI (pin 3) terminal of the most significant digit
(MSD) counter must be tied low, and its RBO (pin 4) terminal must be taken
to the RBI terminal of the next MSD counter, and so on down to the units
counter. To get trailing zero suppression (on the fraction side of the display)
the RBI of the least significant bit (LSB) must be tied low, and its RBO
terminal must be taken to the RBI terminal of the next LSB counter, and so
on, to the first counter in the fractions chain.

When contemplating use of the 4026B or the 4033B, note that these ICs do
not incorporate data latches; consequently, the displays tend to blur when the
ICs are actually going through a counting cycle.

4518B and 4520B counters

The 4518B and 4520B are dual up counters with binary-coded outputs. The
4518B is a dual decade counter with binary-coded decimal (BCD) outputs,
and the 4520B is a dual hexadecimal (divide-by-sixteen) counter with four-bit
binary outputs. The ICs have identical outlines and functional diagrams, as
shown in Figure 8.14.

An unusual feature of these counters is that they can be clocked on either
the positive or the negative edge of the clock signal. For positive-edge
clocking, feed the clock to the clock terminal and tie the enable terminal high.
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Figure 8.14 Qutline and functional diagrams of the 4518B (decade) and 4520B
(hinary ) dual counters

For negative-edge clocking, feed the clock to the enable terminal and tie the
clock terminal low. The counters arc cleared by a high level on their reset pins,
and clear asynchronously.

Note that these counters do not have a carry output; to cascade counter
stages, the negative-edge clocking feature must be utilized, as shown in Figure
§.15. Here the Q4 output of each counter is fed to the enable input of the
following stage, which must have its clock terminal tied low.

40160B to 40163B counters

This range of counters comprise presettable types, in which the four-bit
output can be made to agree with a four-bit code set up on four preset pins,



144 Up and up/down counters
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regardless of other conditions. This facility is usecful,

b

oY

Methods of cascading 4518 B or 4520B counters for ripple operation

for example. in

producing a count/display system that will repeatedly count from 1 to x,
rather than from 0 to x as in a non-programmable counter.

The40160B to 40163B ICs have identical outlines and functional diagrams,
as shown in Figure 8.16. but differ in their methods of counting and clearing.
The 40160B and 40162B arc both decade counters with BCD outputs, but the
40160B has an asynchronous clear action whereas the 40162B has a
synchronous clear action. The 40161B and 40163B are both hexadecimal
counters with four-bit outputs. but the clear action of the 40161B is
asynchronous whereas that of the 40163B is synchronous.

Thus. a low level on the clear terminal of the 40160B or 40161B
asynchronous types immediately sets all four outputs low. regardless of the
states of the clock. load, or enable inputs, but in the case of the 40162B or
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Figure 8.16 Outline and functional diagrams of the 40160B to 40163B range of
programmable four-bit counters
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40163B synchronous types a low level on the clear terminal sets the outputs
low only on the arrival of the next positive clockedge. Note that a low level on
the Toad terminal disables the counters and causes the outputs to agree with
the preset (P) data on the arrival of the next clock pulse, regardless of the
stages of the enable inputs.

The counters have two clock enable pins (EP and ET), which must be tied
high for normal counting operation. These pins are available to facilitate an
internal carry look-ahead feature that is useful in fast counting applications.
Figure 8.17 shows how to connect the ICs for use as normal counters.

1 7 9 10
clear EP load ET

16
2 - 7
clock——= clock IC, carry o
: out
in 15

7777 oV

Figure 8.17 Method of connecting the 40160B to 40163B range of ICs for normal
counter operation

Synchronous up/down counters

Synchronous up/down counters are devices that can be made to count in
either direction, either by using a single clock input in conjunction with a
direction control, or by using two seperate clock signals, with one controlling
the up counting and the other controlling the down count. Up/down counters
are very versatile devices; they can be used in the fixed mode as conventional
up counter/display units or as count-down counter/display devices. In the
active mode, they can be used as difference or add/subtract counters or
bidirectional counter/display units etc.

Three basic types or families of CMOS up/down counters are readily
available. They are all versatile presettable types, giving undecoded four-bit
binary or BCD outputs which can be forced to agree with a four-bit binary
number set on four jam or preset terminals.

The oldest type of CMOS up/down counter is the 4029B. This device uses a
single clock signal, with count direction controlled via an up/down terminal.
The IC can act as either a decade (BCD output) counter, or a binary (four-bit
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binary output) counter, depending on the setting of a binary/decade select
terminal.

The 4510B and 4516B family of up/down counters also uses a single clock
signal, with count direction controlled via an up/down terminal, but in this
casc the count scale is fixed. The 4510B is a decade counter with BCD outputs,
and the 4516B is a binary counter with a four-bit binary output.

Finally, the 40192B and 40193B family of up/down counters use seperate
clocks to give the up and down counting action. The 40192B is a decade
counter with BCD outputs, and the 40193B is a binary counter.

Let’s now look in detail at each of these three scts of up/down counters,
starting with the 4029B type.
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Figure 8.18  Outline and functional diagram of the 4029 B presetiable up/down counter
The 4029B up/down counter

Figure 8.18 shows the outline and functional diagram of this versatile
prescttable IC; a high preset enable signal forces the outputs to immediately
(asynchronously) agree with the binary code set on the jam inputs. The IC
actsasa binary counter when the binary/decade input terminal is high, or asa
decade counter (with BCD outputs) when the terminal is low. The IC counts
up when the up/down input terminal is high, or down when the terminal is
low. Note, however, that the up/down control must only be changed when the
clock signal is positive.
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The 4029B terminal marked carry in is actually a clock disabling terminal,
and 1s held low for normal clocking operation. When carry in and preset
cnable are low. the counter shifts (up or down) one count on each positive
transition of the clock signal. The carry out terminal of the IC is normally high
and goes low only when the counter reaches its maximum count in the up

mode or its minimum count in the down mode (provided that the carry in
signal is low).

The actions of the carry in and carry out terminals of the 4029B arc
designed to facilitate fully synchronous action in multidecade counting
applications, as shown in Figure 8.19, wherc all ICs are clocked in parallel and
the carry out terminal of each counter is used to enable the following one (at a
‘one-tenth of ™ rate) via its carry in terminal.
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Figure 8.19  Method of cascading 4029Bs for svachronous parallel clocking
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Figure 8.20 Method of cascading 4029 Bs for asvnchronous ripple clocking
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Numbers of 4029Bs can also be cascaded and clocked in the asynchronous
ripple mode by using the connections shown in Figure 8.20. but in this case the
Q outputs of different counters will not be glitch-free when decoded. Note
that in this diagram the clock and carry in terminals are joined together on
each IC, to ensure that false counting will not occur if the up/down input is
changed during a terminal count.

1IC1is 4011B
clock up _,_E up/down
l(yl a >
to inputs
of
4029B
clock

clock down

Figure 8.21  Simple circuit for converting the 4029B to a dual-clock upjdown counter

Finally. Figure 8.21 shows a simple circuit that can be used to convert the
4029B into a dual-clock up/down counter, in which clock signals on the up
terminal give up clocking, and clock signals on the down terminal give down
clocking. The counter shifts (up or down) on the positive transition of either
clock signal. Note that only one clock terminal can be used at a time, and that
the unused terminal must be held high.
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Figure 8.22  Qutline and functional diagram of the 4510B (decade ) and 4516 B ( binary )
up/down counters
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4510B and 4516B up/down counters

The 4510B and 4516B are presettable up/down counters. The 4510B is a
decade counter with BCD outputs, and the 4516B is a binary (hexadecimal)
counter. The ICs have identical outlines and functional diagrams, as shown in
Figure 8.22. These counters have a reset terminal which enables all outputs to
be set low (cleared) by applying a high level on the reset line. The outputs can
be made to agree with a binary code on the preset (P) terminals by applying a
high level on the preset enable line. The IC counts up when the up/down
terminal is high, and down when the terminal is low; the up/down input must
only change when the clock signal is high.

The carry in terminal is actually a clock disabling terminal, and is held low
for normal operation. When carry in (and reset and preset enable) is low, the
counter shifts one count on each positive transition of the clock. The carry out
terminal is normally high and goes low only when the counter reaches its
maximum count in the up mode or its minimum count in the down mode
(provided that the carry in terminal is low).

Numbers of 4510Bs and 4516Bs can be cascaded and clocked in parallel to
give fully synchronous action by using the connection shown in Figure 8.23,
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Figure8.23  Method of cascading 4510B or 4516 B ICs for synchronous parallel clocking

or can be cascaded in the asynchronous ripple mode by using the connections
shown in Figure 8.24, which ensures counting validity even if the up/down
input is changed during a terminal count.

40192B and 40193B up/down counters

The 40192B and 40193B are presettable dual-clock up/down counters. The
40192B is a decade counter with BCD outputs, and the 40193B is a
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Figure 8.24  Method of cascading 4510B or 4516 BICs for asynchronous ripple clocking
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Figure 8.25 OQutline and functional diagram of the 40192B (decade) and 40193 B
(binary ) dual-clock up/down counters

hexadecimal counter. The ICs have identical outlines and functional
diagrams, as shown in Figure 8.25. A high on the reset terminal asynchro-
nously sets all four outputs to zero. A low on the preset enable terminal
asynchronously sets the outputs to the values set on the four jam (J) input
terminals.

The counters have two clock input lines, one controlling the up count and
the other controlling the down count. Only one clock input terminal must be
used at a time, and the unused input must be tied high. The counter shifts one
count (up or down) on each positive transition of the used clock line.

The carry and borrow output signals of the counters are normally high. but
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the carry signal goes low onc-half clock cycle after the counter reaches its
maximum count in the up mode, and the borrow output goes low onc-half
clock cycle after the counter recaches minimum count in the down mode.
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Figure 8.26  Method of cascading 40192B or 40193B counters

Finally. Figure 8.26 shows how to connect 40192Bs or 40193Bs in cascaded
multiple IC applications. The borrow and carry outputs of cach IC arc simply
connected directly to the clock down and clock up inputs respectively of the
following ICs.




9 Down counters and
decoders

In the previous two chapters we have looked in detail at CMOS D and JK flip-
flops, and at various sophisticated types of CMOS up and up/down
counter/divider ICs. In this chapter we round off our look at CMOS counter/
dividers and associated devices with a detailed examination of dedicated
presettable down counters, plus a brief survey of various types of decoders
and display-driver ICs.

Presettable down counter basics

Dedicated presettable down counters are special ICs that can be externally
programmed to divide by any number by simply feeding that number (in
binary or BCD form) to a set of preset terminals. Figure 9.1 illustrates the
basic principle. Here, a programmable decade down counter (PDDC) has the
BCD code 6 fed toits four preset inputs viaa BCD thumbwheel switch, so that
the counter automatically gives divide-by-six operation.

BCD
6 thumbwheel
switch

i

out P, P, P, P,
=176 PR PDDC clock jt——

Figure 9.1 A4 programmable decade down counter (PDDC) can count/divide by any
BCD number fed to its preset terminals
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hundreds tens units
2 6 3
Py Py Py Py Py Py Py Py Py Py Py Py

Figure 9.2 PDDCs have programmable cascadability; the output of this circuit is equal
to the sum of the individual division ratios

The unique feature of the PDDC, however, is that it has a characteristic
known as ‘programmable cascadability’, asillustrated in Figure 9.2. Here, the
hundreds counter is set to divide-by-two, the tens counter to divide-by-six,
and the units counter to divide-by-three, and the overall system gives a
division ratio of 200 + 60 + 3 = 263. Conventional counters (Figure 9.3)
would, of course, give an overall division ratio of 200 x 60 x 3 = 36000 if
cascaded with the same division ratios.

out <« +200 clock +60 clock +3  clockf*—
= 1/36 000 "

Figure 9.3  When conventional counters are cascaded they give a final output equal to the
product of the individual division ratios

Thus, the very special feature of the presettable down counter is its
programmable cascadability, which enables it to be made into systems which
count or divide by any desired numbers that are fed into its preset inputs.
Practical PDDCs can readily be made to act as programmable frequency
dividers or frequency synthesizers, or as programmable down counters or
timers. The programming can be done electromechanically via thumbwheel
switches, or electronically via microprocessor control etc.

How down counters work

Figure 9.4 shows the basic functional diagram of a decade version of the
presettable down counter (binary versions are similar). The unit houses a
four-stage synchronous down counter which shifts down one count on each
positive transition of the clock signal, as indicated by the truth table of Figure

C clock clock clock fe— _/b
in
63 —l_‘ PDD(‘3 F PDDC: ‘—1 [’DDC1
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Figure 9.4  Basic functional diagram of a presettable decade down counter, together with
the truth table of the actual counter stages

9.4. Note in particular that if a count scquence starts with all stages in the 0
(minimum count) state, the first arriving clock pulse causes the counters Lo
jump to the BCD 9 (code 1001) or maximum count state. The outputs of the
four counters are available at the Q terminals.

The clock signal of the PDDC can be disabled by a high level on the inhibit
control. A decoded zero output is available and goes high only when all
counters are in the 0 or minimum count state. Four presct input terminals are
provided, and the counters can be forced to take up the BCD states set on
these by applying a high level to the load pin.

Figure 9.5 shows how to connect a PDDC as a programmable counter that
counts down from the BCD number that is loaded via the start button, and
stops counting and gives a high output when that number of clock pulses has
been received. Suppose that the BCD number 6 is loaded via the start button,

count-by-V
code (BCD)
V+
l by
t:
start l P, Py Py Py
10k 7610
load  PDDC o out
oV
—»—clock o 1
input inhibit -L__r
pulses Y | |
start Nth
pulse

Figure 9.5 PDDC connected as a programmable down counter
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and clock signals are then initiated. On the arrival of each clock pulse the IC
counts down one step, going through the numbers 5. 4. 3, 2. 1 and finally, on
the arrival of the sixth pulse. to 0, at which point the zero output terminal goes
high and activates the inhibit terminal, causing any further clock pulses to be
ignored. The count sequence is then complete. [t can be restarted by pressing
the start button.

} out

/ .
tens V+ units | I

BCD 2 (=20) l BCD 6 | |

start 26th
Ismrt t ‘ J pulse

D P, P, P, P
load [ Y load T
7e10 p . o 1’0 PODC inhibit
out DDC 2 kS | zero 1
| out clock e— input
inhibit Q, pulses

Figure 9.6  Thwo-decade programmable down counter, set for count 26 operation

Figure 9.6 shows how two PDDCs can be cascaded to make a two-decade
programmable down counter giving a count of 26. Note that the zero outputs
of the ICs are ANDed to generate the inhibit control of PDDC, (and also the
final output), and that the clock signal of PDDC, comes from the Q, output
of PDDC,. The count action of the circuit is as follows.

When the start button is pressed the BCD number 2 is loaded into the tens
counter and 6 is loaded into the units counter; the clock input signal is then
initiated. PDDC, counts down from 6 to 0 through the first six clock pulses
but then, since the zero outputs are not both high at this stage, simply starts
acting as a divide-by-ten counter and starts counting down from the BCD
number 9 (code 1001) on the arrival of the seventh pulse, simultaneously
sending a single clock pulse to PDDC,; as Qg switches high. Ten pulses later
(on the seventeenth pulse ) PDDC, sends another clock pulse to PDDC .,
making its zero output go high, and nine pulses later (on the 26th pulse) the
zero output of PDDC, also goes high, at which point the output of the AND
gate goes high and inhibits further counting action. The sequence is then
complcte.

Figure 9.7 shows how to wire a single PDDC as a programmable timer with
an output that goes high as the start button is pressed but then goes low again
a preset time later. The circuit is like that of Figure 9.5, except that its final
output is inverted and the clock signal is taken from a fixed time-reference
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count-by-N
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start p4 p3 Pl p]
10 k2 i
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time-reference inhibit start Vth
input pulscs pulse

Figure 9.7 PDDC connected as a programmable timer

source (e.g. | pulse/second). Note that the Figure 9.6 circuit can also be made
to act as a programmable timer by similarly inverting its final output and
taking the clock signal from a fixed time-reference source.

Frequency division

Figure 9.8 shows how to wire a PDDC as a programmable frequency divider.
The divide-by-N code is fed to the preset terminals, and the output is taken
from the zero terminal. which is coupled back to the load pin. Suppose that at
the start of the count the BCD number 4 has been loaded into the counter. On
the arrival of the first clock pulse the counter decrements to 3, on the second
pulse to 2. on the third to 1. and on the fourth to 0, at which point the zero
output goes high and loads the BCD number 4 back into the counters, so the

divide-by-V
code
P, Py P, P,
L" load Ze10
/ PDDC out out )
. ™ clock =f/N
in
inhibit

o

Figure 9.8  PDDC connected as u programmable frequency divider
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whole sequence starts over again and the zero output goes back low. Thus, the
counter repeatedly counts by the number (4) set on the preset inputs, and the
output (from the zero terminal) takes the form of a narrow pulse with a width
of a few hundred nanoseconds.

mhn

f e clock PDDC éirto f—s out

load

inhibit

e

T

=110

Figure 9.9 PDDC connected as a simple decade frequency divider

Figure 9.9 shows a PDDC connected as a simple divide-by-ten counter/
divider. Here, the load terminal is grounded, so the preset codes have no effect
and the counter repeatedly cycles through its basic BCD count, from 9 to 0
and then back to 9 again, and so on. The output, taken from the zero output
terminal, goes high for one full clock cycle in every ten.

Q
_—l

s

—J
tens units
BCD 2 (=20) BCD 4
Py Py Py Py Py Py Py P
. load load . 1
L] (L)irto PDDC, sero PDD(] clock in
clock out
inhibit inhibit

o

Figure 9.10 Two-decade programmable frequency divider, set for divide-by-24
operation

Figure 9.10 shows how to wire two PDDCs to give cascaded programmable
frequency divider operation. In this case the units counter is set for divide-by-
four and the tens for divide-by-two operation (= +24). The two zero outputs
are ANDed to give the load action (and also the final output), and the PDDC,
clock signal is derived from the Q4 output of PDDC, . The circuit operates as
follows.
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Assumc that at the start of the count cycle the BCD number 24 is loaded
into the counters. For the first few countsin the cycle PDDC, counts from 4 to
0and then, since PDDC; is not also in the O state at this moment, goes into the
normal divide-by-tcn mode, jumping to the 9 state (and simultancously
feeding a clock pulse to PDDC, as Q, switches high) and counting down from
there. This action continues until eventually, on the arrival of the 24th pulse,
the zero outputs of both ICs go high together, at which point the output of the
AND gate goes high and loads the BCD number 24 back into the counters,
and the whole sequence starts over again.

Thus, the Figure 9.10 circuit repeatedly divides by the two-decade number
that is programmed in, producing a narrow (a few hundred nanoseconds)
outputs pulse from the AND gate on the completion of each “divide-by-24’
counting cycle.

Frequency synthesis

The main application of programmable frcquency dividers is in pro-
grammable frequency synthesis, where they are used in conjunction with a
phase-locked loop (PLL) as shown in Figure 9.11. Here, the output of a wide-
range voltage-controlled oscillator (VCO) is fed, via the programmable
divide-by-N counter, to one input of a phasc detector, which has its other
input taken from a fixed-frequency crystal-controlled reference generator.
The phasc detector produces an output voltage proportional to the difference
between the two input frequencies; this voltage is filtered and fed back to the
VCO control input in such a way that the VCO automatically self-adjusts to

wide-range
vCcoO

! N
Y T AN
Tout ref:
T 1 programmable =236 kHz
2 : 3 ‘ 6 divide-by-V
I counter

thumbwheel ‘
selector switches

phase

{1
detect
crystal-controlled eetor
reference T
frequency [, .
(1 kHz) re filter

ov

Figure 9.11 A programmable divide-by-N counter can be used in conjunction with a
PLL to make a precision programmable frequency synthesizer
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bring the variable input frequency of the phase detector to the same value as
the reference frequency, at which point the PLL is said to be ‘locked’.

Note that the output frequency of the VCO is N times the value of the
frequency on the variable input of the phase detector. Thus, when the PLL is
locked. the VCO output frequency is N times the reference frequency. e.g. if N
= 236 and frer = 1 kHz, fou equals 236 kHz and has crystal accuracy.

preset inputs

V+
o, ~ e v of 4) ot sy 16]
¢ p, P, P, P
P Q load 4 3 2 1
4 — — <3 3
load — P clock four-stage master
L cascade 6 down .
inhibit — 4522B ™ feedback _I—" counter 10
or zero =
P 45268 [ out inhibit 4 pr
clock — — P detector
| master —— — 27O
Q,— reset cascade 13 1> out
ov— —Q, feedback Q4 Q; 0, Q

S T o7

BCD outputs

Figure9.12  Outline and functional diagram of the 4522B ( decade ) and 4526 B ( binary)
programmable down counters

The 4522B and 4526B

The best known family of CMOS programmable cascadable down counters
comprises the 4522B (decimal) and the 4526B (binary) four-bit ICs, which
both have the outlines and functional diagrams shown in Figure 9.12.
Functionally, these ICs are almost identical to the basic circuit of Figure 9.4,
except that the counters can be synchronously reset to the zero state by taking
the master reset pin high, and that an AND gate is built into the zero output
line, so that the zero output can only go high if the cascade feedback terminal
is also high, thus enabling cascading to be achieved without the use of external
gates.

The 4522B and 4526B can be used in the same ways as shown in Figures 9.5
to 9.71. except that the master reset pin is normally grounded and the AND
gate is built into the ICs. When the ICs are used alone, the cascade feedback
(CF) terminal must be tied high to enable the zero output. When cascading
two or more ICs, tie the zero output of the most significant digit (MSD)
package to the CF terminal of the MSD - | package. repeating the process on
all less significant dividers except the first. Figure 9.13 shows practical
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Figure 9.13  Two-stage programmable down counter, using 4522B or 4526 B ICs

connections for making a two-stage programmable down counter, and Figure
9.14 shows the connections for a two-stage programmable frequency divider.

When using these 1Cs. note that all unused inputs (including presets) must
be tied high or low. as appropriate, and that the outputs of all internal counter
stages are available via the Q terminals, enabling the counter states to be
decoded via external circuitry.

The 40102B and 40103B

The 40102B and 40103B are another popular family of CMOS programmable
cascadable down counter ICs, but in this case each device effectively houses a
pair of presettable four-bit down counters cascaded in a single package, with
only the zero output (which goes low under the zero-count condition) of the
counters externally available; Q outputs are not provided. Figure 9.15 shows
the outline, functional diagram, and truth table that is common to both ICs.
The 40102B functions as a two-decade BCD-type down counter, and the
40103B as an eight-bit (or two four-bit words) binary type. Both types clock
down on the positive transition of the clock signal.

Codes that are applied to the eight preset pins of the ICs can be loaded
asynchronously by pulling the AL pin low, or synchronously (on the arrival of
the next clock pulse) by pulling the SL pin low. When the clear input is pulled
low the counter asynchronously clears to its maximum count. When the
inhibit control is pulled high it inhibits both the clock counting action and the
zero output action, thereby acting as a carry in terminal in cascaded
applications.
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Figure 9.14  Two-stage programmable frequency divider, using 4522B or 4526 B ICs
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Figure9.15 (a) Outline, (b) functional diagram, and (¢ ) truth table of the 40102B 1wo-
decade and 40103 B eight-bit binary down counters

Figures 9.16 to 9.19 show four basic ways of using this family of presettable
down counters. Figure 9.16 shows the connections for making a pro-
grammable eight-bit or two-word timer or down counter, and Figure 9.17

shows the circuit of a programmable frequency divider. The latter circuit gives
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Figure 9.17  Programmable frequency divider ( divide-by-(N+1))
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Figure 9.16  Programmable timer using a 40102B or 40103 B
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divide-by-(N+ 1) operation, its output going low for one full clock cycle
under the zero-count condition; true divide-by-N operation can be obtained
by tying SL high and wiring zero out to AL, but in this case the output pulses
will have widths of only a few hundred nanoseconds.

Finally, Figures 9.18 and 9.19 show the basic connections that are used to
cascade 40102B or 40103B stages in large-word programmable applications.
The Figure 9.18 conncctions give ripple operation, and the Figure 9.19
connections give fully synchronous operation (for fast applications).

Decoders

Most of the counter/dividers that we have looked at in this and the previous
two chapters give four-bit coded outputs, which take the standard form
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Figure 9.19  Method of synchronous cascading 40102B or 40103 B counters
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Figure 9.20  The coded output states of a four-bit counter are shown in (a), and (b) and

(¢) show how to decode the numbers 5 and 7, respectively

shown in Figure 9.20( a). Thus, when the counters are in the S state they give
anoutput code of 0101, and in the 7 state give 0111 (read with Q, to the left).

Individual output states of the counters can easily be decoded and used for
driving external display units, control lines, etc. by using the basic logic
techniques shown in Figure 9.20 (b) and 9.20( ¢ ). Here outputs that are high
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(logic-1) in the desired code state are fed directly to the inputs of a four-input
AND gate, and those that are low are fed to the input of the gate via inverter
stages. [f BCD numbers are to be decoded, and the numbers lie between 2 and
7 inclusive, the Q, code can be ignored and three-input AND gating can be
used.

J— 1 24
follow/latch — V+
decode
. A— [ inhibit
inputs
B — —D
tputs pi inputs
outputs pins 7 |
1 16
4 __| V+ 6 — — 10
b L3 5 — 4514B 11
- or
0 — —1 4 — 4515B —8
7 — L —B 3 — —9
4028B
9 —] —C 2 — —14
inputs
5 — —D 1 — —15
6 — F—A 0 — —12
0vV—] —38 0ovV—] —13
3 9 12 13

Figure 9.21 Outlines and pin notations of the 40288 BCD-to-decimal (one-of-ten)
decoder, and of the 4514 B (active-high output) and 4515B (active-low output) four-bit
binary (one-of-sixteen) decoders

If more than two of three code states are to be decoded, it is usually
economic to use dedicated CMOS decoder ICs, such as the 4028B, 4514B, or
4515B (Figure 9.21) for the purpose. The 4028B BCD-to-decimal decoder
simply gives direct decoding of the ten BCD or binary numbers 0 to 9
inclusive; input terminal A corresponds to Q; of the code, and C corresponds
to Q, of the code.

The 4514B and 4515B are full four-bit decoders, with an individual output
for cach of the sixteen possible code numbers. The 4514B gives active-high
outputs (all outputs except the selected one are normally low), and the 4515B
gives active-low outputs. These ICs are far more sophisticated than the 4028 B
type, and have follow/latch or F/L control on pin | and a decode inhibit or DI
control on pin 15.

The DI control disables all decoding functions; it drives all outputs low in
the 4514B, or high in the 4515B, irrespective of the states of all other pins. The
ICs act as straight or direct decoders when the F/L terminalis high, but when
the terminal is pulled low it latches the prevailing input code into memory and
retains t, irrespective of the subsequent states of the input code, as long as F/L
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remains high; the latched code is decoded and fed to the output in the normal
way.

BCD-to-seven-segment decoders/drivers

The BCD outputs of decade counters can easily be decoded and used to drive
seven-segment LED or LCD displays by using suitable decoder/driver ICs.
Seven-segment displays have the standard format and terminal notations
shown in Figure 9.22(a), with the segment pins individually available on the
package.

V+
from driver common
—— anode

common
cathode from driver

oV

(a) (b) (c)

Figure 9.22  Seven-segment LED or LCD displays have the standard format shown in
(a). LED types are available in (b) common-cathode or (¢) common-anode forms.
Current-limiting resistors must be wired in series with the segment pins

LED seven-segment displays are available in either common-cathode or
common-anode forms, and Figures 9.22(b) and 9.22(¢) show small sections
of the equivalent circuits of these types. Common-cathode types must be
driven by ICs that can source significant currents, and common-anode types
must be activated by devices that can sink significant currents. Note that in
both types a current-limiting resistor must be wired in series with each
segment pin.

The most popular CMOS IC for driving seven-segment LED displaysis the
4511B BCD-to-seven-segment latch/decoder/LED-driver, which has the pin
notations and functional diagram shown in Figure 9.23. This IC is ideally
suited to driving common-cathode displays, since its outputs can each source
up to 25 mA. The4511Bis an easy IC to use. It has four BCD input terminals,
seven segment-driving output terminals, and only three input control
terminals.

The lamp test input terminal is normally tied high; when pulled low it turns
on all seven segments of the display, irrespective of the input code. The blank
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Figure 9.23  (a) Outline and (b) functional diagram of the 45118 BCD-io-seven-
segment latch/decoder/ LED-driver

input terminal is also normally tied high; when pulled low it turns off all
display segments, irrespective of the input code. The store control enables the
IC to give either direct or latched decoder operation. When store is low, the IC
gives direct decoding of the BCD inputs. If store is switched high, the BCD
input that is present at the moment of switching is latched into the internal
store and then decoded, and this BCD number is held (and the actual BCD
input is ignored) as long as store remains high.

Seven-segment LCD drivers

Seven-segment liquid crystal displays (LCDs) have the same format as LED
types (Figure 9.22(a)), except that their common terminal is known as the
backplane or BP. LCDs must effectively be driven by AC signals with
virtually zero DC components. In practice, the AC signal takes the form of a
square wave with a frequency in the range 30 Hz to 200 Hz.

Older LCD drivers relied on the use of dual power supplies to give the AC
drive. Modern types use the single-supply bridge technique of Figure 9.24 to
give the necessary AC drive. Here, when a segment is turned on, the segment
and BP aredriven by anti-phase square waves, as shown. Note here that, as far
as the display is concerned, it is the value of the segment voltage relative to the
backplane voltage that is important. Thus, in part A of the waveform the
segment is 10 V positive to BP, and in part Bitis 10 V negative to BP, so the
LCD is effectively driven by an AC signal with a peak-to-peak value of 20
volts and with zero DC value. In this system, when a segment is turned off it is
simply shortcircuited to BP.

The most popular CMOS IC for driving seven-segment LCDs is the 4543B



Down counters and decoders 167

Al B | A | BI

I 1 +10V
out ‘ phase_I I_
S ' oV

1 of 7 segments
l— + 10V
oV

' 7
.Z//_,r:_ﬁgkplanc out_’
| BP+ 10V
| + 10 V segment
phase l I relative — — | — —|— — }-backplane
,iq:L)l:::c—wave voltage voltage
I BP - 10V

Figure 9.24  Voltage-doubling bridge method of driving liquid crystal displays
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Figure 9.25  Outline and usage diagram of the 4543B BCD-to-seven-segment latch/
decoder|LCD-driver

BCD-to-seven-segment latch/decoder/LCD-driver, which uses the tech-
niques described above. Figure 9.25 shows the outline and basic usage
diagram of the device, which must have its phase terminal connected to the
backplane of the display and driven from a symmetrical external square wave.
The store control gives direct decoding when pulled high, or gives latched
decoding when pulled low. The blank terminal is normally grounded, and
blanks the entire display when pulled high.

Conclusion

In this and the previous two chapters we have looked at a selection of CMOS
counting and decoding [Cs. Tables 9.1 to 9.7 list the actual devices that we
have looked at. In practice, all of these devices are intended for use in fairly
simple one-off or limited-run applications. For dedicated applications such as
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making frequency meters or digital clocks, special VLSI (very large-scale
integration) ICs are readily available. Similarly, when driving seven-segment
LCD or LED displays of more than three sections, it is often economical to
use a dedicated VLSI IC with full multiplexing facilities to do the job; these
ICs are also readily available.

Table 9.1  Non-synchronous (ripple) counters

Type Description

4020B  Fourteen-stage (divide-by-16384) counter
4024B  Seven-stage (divide-by-128) counter

4040B  Twelve-stage (divide-by-4096) counter

4060B  Fourteen-stage counter, with built-in oscillator

Table 9.2 General-purpose counters

Type Description

4013B  Dual type D flip-flop

4017B  Decade counter with ten decoded outputs
4018B  Decade divide-by-N counter

4022B  Octal counter with eight decoded outputs
4027B  Dual JK flip-flop

Table 9.3  Synchronous up counters

Type Description

4026B  Decade counter with seven-segment display outputs (features
display enable control)

4033B  Decade counter with seven-segment display outputs (feature ripple
blanking)

4518B  Dual decade counter, BCD outputs

4520B  Dual hexadecimal counter, four-bit binary outputs

40160B Presettable decade counter with asynchronous clear

40161B Presettable binary counter with asynchronous clear

40162B Presettable decade counter with synchronous clear

40163B Presettable binary counter with synchronous clear
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Table 9.4  Synchronous presettable up down counters
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Type Description

4029B  Four-bit binary or BCD decade counter
4510B  BCD decade counter

4516B  Four-bit binary counter

40192B BCD decade dual-clock counter

40193B Four-bit binary dual-clock counter

Table 9.5  Synchronous presettable down counters

Type Description

4522B  Decade counter

4526B  Binary counter

40102B Two-decade BCD counter
40103B  Eight-bit binary counter

Table 9.6  Four-bit decoders

Type Description

4028B  BCD-to-decimal decoder
4514B  One-of-sixteen decoder, active-high outputs
4515B  One-of-sixteen decoder, active-low outputs

Table 9.7 BCD-to-seven-segment decoder drivers

Type Description

4511B  Latch/decoder/LED-driver
4543B  Latch/decoder/LCD-driver




10 Circuit miscellany

To conclude the volume, this final chapter presents a miscellaneous collection
of useful CMOS digital IC circuits that do not readily fit into any of the
specific classifications of earlier chapters. These circuits include alarm-call
generators, security alarms, DC lamp controllers, and some unusual designs
based on the 4046B phase-locked-loop IC.

Alarm-call generators

Inexpensive CMOS gate ICs such as the 4001B can easily be used (in
conjunction with one or more transistors) to make a varicty of audible-output
alarm-call generator circuits. These generators may give monotone, pulsed-
tone, or warble-tone outputs, may give latching, non-latching, or ‘one-shot’
operation, and can be designed to give output powers ranging from a few
milliwatts up to about 18 watts. In this section we look only at low-power
versions of these alarm-call gencrations; power-boosting circuits are de-
scribed in a later scction.

Figure 10.1 shows the practical circuit of a low-power switch-activated
800 Hz (monotone) alarm call generator. Here, two gates of a 4001B are wired
asa gated astable multivibrator (see Chapter 5) with a frequency set at 800 Hz
by the R,-C, values, and the remaining two gates of IC are disabled by taking
their inputs to ground. The action of this astable is such that it is inoperative,
with its pin 4 output high, when its pin | input is high, but acts as a square-
wave generator when pin | is low.

Thus when the pin 1 input terminal is high, zero base currentis fed to Q,, so
the circuitis inoperative and passes only a small leakage current, but when the

170



Circuit miscellany 171

+S5Sto+15V +5to+ 15V

100 ©
total
to pins spkr
—>89,12,13
oy
(a) (b)

Figure 10.1  Low-power 800 Hz monotone alarm-call generator designed for (a) NO
and (b) NC switch activation

inputislow the astable is operative and generates a square-wave tone signal in
the speaker via Q,. Note that the circuit can be activated via normally open
(NO) switch contacts by using the connections shown in Figure 10.1(a), or by
normally closed (NC) contacts by using the input connections shown in
Figure 10.1(b). In the latter case the circuit draws a standby current of about
I 1A via bias resistor R,.

The basic Figure 10.1 circuit is intended for low-power applications only,
and can be used with any speakerin the range 3Q to 100Q and with any supply
in the range 5 to 15 volts. Note that resistor R, is wired in series with the
speaker and must have its value chosen so that the total resistance is roughly
1009, to keep the dissipation of Q, within acceptable limits. The actual power
output level of the circuit depends on the individual values of speaker
impedance and supply voltage that are used, but is no more than a few tens of
milliwatts. If desired, the output power can be raised as high as 18 watts by
using onc of the booster circuits shown later in this chapter.

Figure 10.2 shows how a 4001B can be used to generate a pulsed 800 Hz
alarm-call signal when its contacts are operated. Here, the two left-hand gates
of the IC are wired as a low-frequency (about 6 Hz) gated astable
multivibrator that is activated by the input switch, and the two right-hand
gates are wired as an 800 Hz astable that is activated by the 6 Hz astable.

Normally, when the pin 1 input terminal is high, both astables are
inoperative and the circuit consumes only a small leakage current. When the
input is low, both astables are activated and the low-frequency circuit pulses
the 800 Hz astable on and off at a rate of about 6 Hz, so a pulsed 800 Hz tone is
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+5to+ 15V +5to+ 15V

Figure 10.2  Low-power pulsed-tone alarm-call generator designed for (a) NO and
(b) NC switch activation

generated in the speaker. Note that the circuit can be activated via an NO
switch by using the connections shown in Figure 10.2(a) or by an NC switch
by using the connections of Figure 10.2(b).

Figure 10.3 shows how the Figure 10.2 circuit can be modified so that it
generates a warble-tone alarm signal that switches alternately between 600 Hz
and 450 Hz at a 6 Hz rate. These two circuits are basically similar, but in
Figure 10.3 the 6 Hz astable is used to modulate the frequency of the right-
hand astable rather than to pulse it on and off. Note that the pin 1 and pin 8
gate terminals of both astables are tied together, and the astables are thus
both activated directly by the input switch. The circuit can be activated via
NO switches by using the connections of Figure 10.3(a), or by NC switches by
using the connections of Figure 10.3(b).

+5to+15V +5to+ 15V

IN4001

oy

(a) (b)

Figure 10.3  Low-power warble-tone alarm-call generator designed for (a) NO and
(b) NC switch activation
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Self-latching circuits

The alarm-call generator circuits of Figures 10.1 to 10.3 are all non-latching
types which produce an output only while activated by their control switches.
By contrast, Figures 10.4 and 10.5 show two ways of using a 4001B so that it
gives some form of self-latching alarm-generating action.

+S5to+ 15V +5to+ 15V

Q,
2N3906

(a) (b)

Figure 10.4  One-shot 800 Hz monotone alarm designed for (a) NO and (b) NC switch
activation

The Figure 10.4 circuit is that of a one-shot or auto-turn-off alarm-call
generator. Here, the two left-hand gates of the IC are wired as a one-shot or
monostable multivibrator that can be triggered by a rising voltage on pin 2,
and the two right-hand gates are wired asa gated 800 Hz astable multivibrator
that is activated by the output of the monostable.

Thus, the circuit action is such that both multivibrators are normally
inoperative and the circuit consumes only a small leakage current. As soon as
switch S; is momentarily activated, however, the monostable triggers and
turns on the 800 Hz monotone alarm signal, which then continues to be
generated for a preset period, irrespective of the state of S, . At the end of this
period the alarm automatically turns off again, and the action is complete.
The circuit can be reactivated again by applying another rising voltage to pin
2 via S, (Figures 10.4(a) and 10.4(b) show alternative switching methods).
Note that the alarm duration time is determined by the C, value, and
approximates one second per microfarad of value; periods of several minutes
can readily be obtained.

Finally, Figure 10.5 shows the circuit of a true self-latching 800 Hz switch-
activated monotone alarm-call generator. Here, the two left-hand gates are
wired as a manually triggered bistable multivibrator, and the two right-hand
gates as a gated 800 Hz astable that is activated via the bistable.

The circuit action is such that the bistable output is normally high, so the
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+5to+ 15V +S5to+ 15V

100 ©
total

Figure 10.5  Self-latching 800 Hz monotone alarm for (a) NO and (b) NC switch
activation

astable is disabled and the circuit consumes only a small leakage current.
When S, is briefly operated a positive signal is fed to pin 2 of the IC, so the
bistable changes state and its output locks low and activates the 800 Hz
monotone generator. Once the alarm signal has been so activated, it can only
be turned off again by removing the positive signal from pin 2 and briefly
closing reset switch S,, at which point the circuit resets and its quiescent
current returns to leakage levels.

Power boosters

The mean output power of the Figure 10.1 to 10.5 circuits depends on the
individual values of speaker impedance and supply voltage used, but is
usually of the order of only a few tens of milliwatts. Using a 9 V supply, for
example, the output power to a 15Q speaker is about 25 mW, and to a 100 Q
speakeris about 160 mW. If desired, the output powers of these circuits can be
greatly increased by modifying their outputs to accept the power booster
circuits of Figure 10.6 or 10.7.

In these circuits, R, is wired in series with the collector of the existing Q,
alarm output transistor and provides base drive to a one- or two-transistor
booster stage, and the alarm’s power supply is decoupled from that of the
booster via R,-C;. Note that protection diodes are wired across the speakers
of the booster circuits, and prevent the speaker back EMFs from exceeding
the supply rail voltage.

The Figure 10.6 booster circuit can be used with any speaker in the range
5Qt025Q and with any supply from 5V to 15 V. The available output power
varies from 250 mW when a 25Q speaker is used witha 5 V supply, to 11.25W
when a 5 Q speaker is used with a 15 V supply. The Figure 10.7 circuit is
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Figure 10.6  Medium-power (0.25 W to 11.25 W) booster stage
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Figure 10.7 High-power (18 W) booster stage

designed to operate from a fixed 15 V supply and to use a 3 Q speaker, and
gives a mean output power of about 18 W. Note that, because of transistor
leakage currents, the Figure 10.6 and /0.7 circuits pass quiescent currents of

roughly 10 A and 30 pA, respectively, when in the standby mode.

Multitone alarms

Each of the Figure 10.1to 10.5 circuits has a single input switch and generates
adistinctive sound when that switch is operated. By contrast, Figures 10.8 and
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10.9 show a couple of multitone alarm-call generators that each have two or
three input switches and generate a distinctive sound via each input switch.
These circuits are useful in identifier applications, such asin door announcing
where, for example, a high tone may be generated via a front door switch, a
low tone via a back door switch, and a medium tone via a side door switch.

+5to+15V +5to+15V

14 K spkr
L~ spxr Rg 5250
2 J4001B 1002 1009
qgsl 352 qs s, total
1500 Hz9800 Hz 19 450 1, - x
Ry Ry T

1
470 k2| [820kQ2 | [1.5MQ

4

22MQ .
to pins
8,9,12,13

oy ' oy

(a) (b)

Figure 10.8 (a) Three-input multitone alarm, plus (b) power booster stage

The Figure 10.8 circuit is that of a simple three-input monotone alarm-call
generator. Here, two 4001B gates are wired as a modified astabled
multivibrator. The action is such that the circuit is normally inoperative and
drawing only a slight standby current, but becomes active and acts as a
square-wave generator when a resistance is connected between pins 2 and 5 of
the IC. This resistance must be less than the 2.2 MQ value of R,, and the
frequency of the generated tone is inversely proportional to the resistance
value that is used. With the component values shown, the circuit generates a
tone of roughly 1500 Hz via S, 800 Hz via S,, and 450 Hz via S;. Note that
these tones are each separated by about an octave, so each push-button
generates a very distinctive tone.

As in the case of most other alarms already described, the Figure 10.8 (a)
circuit generates an output power of only a few tens of milliwatts. If required,
the output can be boosted as high as 11.25 W by using the booster stage of
Figure 10.8(b).

Figure 10.9 shows the circuit of a two-input multitone unit that generates a
pulsed-tone signal via S; or a monotone signal via S,. Here, the two left-hand
gates of the IC are wired as a low-frequency (6 Hz) gated astable and the two
right-hand ones as a 800 Hz astable. The two astables are interconnected via
silicon diode D,. The circuit action is such that the 6 Hz astable oscillates and
activates the 800 Hz astable when S, is operated, thus producing a pulsed-
tone output signal, but only the 800 Hz astable operates when S, is closed,
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+5to+ 15V

Figure 10.9 Two-input multitone alarm

thus producing a monotone output signal. This basic Figure 10.9 circuit
generates output powers of only a few tens of milliwatts, but if desired this
power can be greatly boosted via the circuits of Figure 10.6 or 10.7.

Security alarms

Most security alarms are sound-generating systems that can betriggered by the
opening or closing of one or more sets of electrical contacts. These contacts
may be simple push-button switches, hidden pressure-pad switches,
magnetically operated reed relays, etc., and the alarm systems may give an
audible loudspeaker output, an alarm-bell output, or a relay output that can
be used to operate any kind of audible alarm.

Security alarms have many uses in the home and in industry. They can be
used to grab attention when someone operates a push switch, when an
intruder opens a window or door or treads on a pressure-pad, when a piece of
machinery moves beyond a preset limit and activates a microswitch, and so
on. Several different types of relay-output security alarm are described in this
section; the simplest of these is shown in Figure 10.10.

Here, S; is normally closed and relay A (RLA) is off, so the circuit
consumes zero standby current. When any of the S, switches are briefly
closed, the relay turns on and is self-latched via contacts RLA, and activates
the alarm bell via contacts RLA,. Once activated, the alarm can be reset by
briefly opening S,. Note that any number of NO switches can be wired in
parallel in the S, position, and the alarm can thus be activated from any
desired number of input points.

A weakness of the Figure 10.10 design is that any one of its S, operating
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Figure 10.10  Simple security alarm, activated by NO switches
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Figure 10.11  Simple security alarm, activated by NC switches

».

switches can be disabled by simply cutting through the cable that connects it
to the main circuit. This snag can be overcome by using the design of Figure
10.11. in which all S, operating switches are NC types wired in serics.
Here, the 4001 B CMOS gate is wired as an inverter and activates the relay
coil via Q,. Normally, with all switches closed, the inverter output is high and
Q, and the relay are off, and the circuit draws a quiescent current of about
1 A via R,. If any of the S, switches open or have their cables cut, the inverter
output rapidly switches low and drives the relay on via Q. and the relay self-
latches via contacts RLA, and activates the alarm bell via contacts RLA .
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Note that R,-C,-R; acts as a "lightning suppressor’ network that filters out
any rapid transient voltages that are induced into the S, switch cables by the
action of lightning. These filter components should be placed as close to the
inverter input as possible.

f
standby N +12V

Sl
key switch

RLA
12V LD
180 24 IN4001

ol

Q, s,
2N3904| (NO)

»i
»

to pins
8,9,12,13

/7J770V

Figure 10.12  Simple self-latching burglar alarm

Figure 10.12 shows an example of a simple self-latching burglar alarm
circuit that can be activated via any number of parallel-connected NO
switches (S,) or scries-connected NC switches (S;); the circuit can also be
activated in the non-latching mode at any time via any number of parallel-
connected NO switches (S,).

In Figure 10.12 the self-latching alarm action is provided by the two 4001B
CMOS gates, which are wired as a bistable multivibrator and activate the
relay via Q,. Note that this bistable can be sct (turn the relay on) via the S, or
S, switches and the R;-C,-R, suppressor network, but is automatically resct
via C,-R, each time S, is switched to the standby position.

Figure 10.13 shows how the above circuit can be modified to give auto-turn-
off (rather than self-latching) burglar alarm action, causing the relay to turn
off after about four minutes of activation. In this case the two 4001B gates are
simply wired in the monostable multivibrator mode, and the four-minute
delay is determined by the Cs-R, valucs.

Next, Figure 10.14 shows a utility burglar alarm that can be used in many
domestic situations. It can be used with any number of series-connected NC
scnsor switches, and gives a sclf-latching alarm action via rclay contacts
RLA . The circuit action is such that an LED (driven via inverter 1C,, and
emitter follower Q) illuminates if any of the NC sensor switches are open.
However, the actual alarm system is automatically disabled (via the C,-R;
time-delay network) for an initial 50 seconds when key-switch S; is first set to
standby, this giving the owner time to reset the switches or leave the housc
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Figure 10.14  Utility burglar alarm

without sounding the alarm. The owner can subsequently re-enter the house
without sounding the alarm by reactivating the 50 second delay via hidden
external re-entry switch S,. Note that the actual alarm bell (activated via relay
contacts RLA,) can use the same power supply as the Figure 10.14 circuit if
desired.

Finally, Figure 10.15 shows how another relay (RLB) can be wired to the
above circuit so that it also gives fire and panic protection. Here, NC push-
button switch S; and NO switches S5s-Ss-RLB, are all wired in series with the
coil of relay B, and the combination is permanently wired across the supply
lines; the NO RLB, contacts are used to connect the existing alarm generator
to the supply lines. Normally, RLB is off, but turns on and self-latches and
activates the alarm generator if any of the S or S switches briefly close. Any
number of NO panic buttons can be wired in parallel with S5, and any number
of NO thermostats can be wired in parallel with S¢. Once RLB has turned on, it
can be turned off again via S,, which may be in a hidden position.
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Figure 10.15  Add-on fire and panic facility for use with Figure 10.14

ganged /
3 /
270 Q on_
o4t i2V
I )
[V Q,
N/ MIE2955
c, %
100 Q1
=" 2N3906
Ry
10k§2 LP,
D)2V
2 A max.

to pins
8,9,12,13

Figure 10.16 12 volt DC lamp dimmer

DC lamp dimmer

Figure 10.16 shows how a 4001 B CMOS IC and a couple of transistors can be
used to make a highly efficient lamp dimmer that can be used to control the
brilliance of the internal lights of any car fitted with a 12 V negative-ground
electrical system.
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Here, the two CMOS gates are wired as a 100 Hz astable multivibrator that
drives the lamp via Q,-Q, and has its duty cycle or mark/space ratio fully
variable from 1:20 to 20:1 via RV, thusenabling the mean power drive to the
lamp to be varied from about 5 to 95 per cent of maximum via RV/;. Since the
period of the 100 Hz waveform (10 ms) is short relative to the thermal time
constant of the lamp, its brilliance can be varied from near-zero to maximum
with no sign of flicker. Note that on/off switch S, is ganged to RV, so the
circuit can be switched fully off by simply turning RV, fully anti-clockwise.

Manual clocking

In Chapter 7 we showed how simple clocked flip-flop ICs (such as the 4013B
dual D-type) can be used as counter/dividers. One thing that we did not
explain was how to clock these counters manually via a push-button switch.
This omission is put right in Figure 10.17, which shows how to clock a single

4013B stage via S;. 510415V
J 1o

out

4013B 1)

B I S

p—» to pins 8,
9,12,13

/7J77 ov

Figure 10.17  Manual clocking of a 4013 B counteridivider stage
Here, the two 4001B gates are configured as a monostable multivibrator
that generates a single 10 ms clock pulse each time S, is operated, thus causing
the D-type flip-flop to change state; thus, S; must be operated twice to make
the flip-flop go through a complete on/off or divide-by-two sequence. Note

that the C,-R, network effectively debounces S, and helps ensure clean
triggering of the monostable circuit.

4046B PLL circuits

In Chapter 5 we introduced the 4046B phasc-locked-loop (PLL) IC (scc
Figure 5.25) and showed how it can be used in voltage-controlled oscillator
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(VCO) applications. This chip actually contains two phase comparators, a
wide-range VCO, a zener diode, and a few other bits and pieces, and is
specifically intended for use in PLL applications such as automatic frequency
tracking, frequency multiplication, and frequency synthesis.

inl

phase
comparator

input signal
in2
L 4 . | I |
A output signal
out

S e S

in

low-pass
filter

e

Figure 10.18  Buasic PLL frequency tracking circuit

The basic operating principle of the PLL can be understood with the aid of
the frequency tracking circuit of Figure 10.18. Here, the phase comparator
element has two input terminals, one fed from an external input signal and the
other from the output of the VCO clement. The comparator compares the
phase and frequency of the two inputs and generates an output proportional
to their difference; this output signal is then smoothed via the low-pass filter
nctwork and fed to the control input terminal of the VCO, thus completing
the phase-locked feedback loop.

The basic action of the above circuit is such that if the VCO frequency is
below that of the external signal the comparator output goes positive and (via
the filter network) causes the VCO frequency to increase until both its
frequency and phase precisely match (phase lock with) those of the external
signal. If the VCO frequency rises above that of the external signal the reverse
action takes place, and the comparator output goes low and makes the VCO
frequency decrease until it finally locks to that of the external signal. Thus,
this circuit causes the VCO signal to automatically phase lock to the external
input signal.

Note that in the above tracking circuit the VCO generates a clean (noise-
free) and symmetrical output waveform, even if the input signal is noisy and
non-symmetrical, and that (because the low-pass filter has a finite time
constant) the VCO tracks the mean phase and frequency of the input signal. It
can thus be used to track and clean up slowly varying input signals, or to track
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Figure 10.19  Wide-range PLL signal tracker, showing waveforms obtained when the
loop is locked

the centre frequency of an FM signal and provide a demodulated signal at the
comparator output.

Figure 10.19 shows how the 4046B can be used as a practical wide-range
PLL that will capture and track any input signal within the 100 Hz to 100 kHz
(approximate) span range of the VCO, provided that the pin 14 input signal
switches fully between the logic-0 and logic-1 levels. Filter R,-R;-C, is used
here as a sample-and-hold network, and its component values determine the
settlingand tracking times of signal capture. The VCO frequency is controlled
by C',-R, and the pin 9 voltage; the VCO span range (and thus the capture and
tracking range of the circuit) varies from the frequency obtained with pin 9 at
zero volts to that obtained with pin 9 at full supply rail value.

Figure 10.20 shows a lock detector/indicator that can be used with the
above PLL circuit. The operating principle of this detector is moderately

IC1 is 4001B (pins 8,9.12.13 grounded)
9V (Vpp)

from
4046B

oV

Figure 10.20  PLL lock detector/indicator
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complex. Within the 4046B IC the output of each of the two phase
comparators comprises a series of pulses with widths proportional to the
difference between the two input signals of the comparator. When the PPL
circuit is locked (see Figure 10.19) these two outputs are almost perfect mirror
images of each other; when the loop is not locked the signals are greatly
different. In Figure 10.20 these two outputs are fed to the inputs of NOR gate
IC,,. The circuit action is such that when the loop is locked the IC,, output is
permanently low and illuminates LED, via IC,y, but when the loop is not
locked the output of IC,, comprises a series of pulses that rapidly charge C,
via D,-R; and thus drive IC,p output low and turn LED, off.

R3 R, + 9 V (regulated)
100 k§2 10 kQ c,
100 nF

13 9 /7)—77.

Rl 4046B
1 126 7
R2
2kQ
100 kQ
10 nF

Figure 10.21  Precision narrowband (1.8 kHz to 2.2 kHz) tone switch

Figure 10.21 shows how a PLL circuit can be combined with the above lock
indicator to make a precision narrowband tone switch. In this case the
maximum VCO frequency is determined by C,-R,, and the minimum by C,
and R, + R,. The frequency is variable from about 1.8 kHz to 2.2 kHz with
the component values shown, and the circuit can thus only lock to signals
within this frequency range; the circuit output is normally low, but switches
high when locked to a suitable input signal.

Frequency synthesis

One of the most useful applications of the PLL is as a frequency multiplier or
synthesizer. Figure 10.22 shows the basic principle. This circuit is similar to
that of the basic PLL (Figure 10.18) circuit, except for the addition of the
divide-by-N counter between the VCO output and the phase comparator
input. The circuit action is such that the VCO frequency automatically locks
to a value at which the divider output frequency matches that of the external
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Figure 10.22  Basic frequency synthesizer or multiplier circuit
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Figure 10.23  Simple | kHz t0 9 kH:z frequency synthesizer
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inputsignal, and under this condition the VCO frequency is obviously N times
the input frequency (where Nis the counter’sdivision ratio). If the input signal
is derived from a precision crystal source, output signals of equal precision
can thus be synthesized at any desired multiple frequency by simply using a
divider with a suitable N value.

Figure 10.23 shows a practical example of a simple frequency synthesizer. Tt
is fed with a precision (crystal-derived) 1 kHz input signal, and provides an
output that is a whole-number multiple (in the range x 1 to % 9) of this signal.
The 4017B is used as a programmable divide-by-N counter in this simple
application, but can easily be replaced by a string of programmable decade
down counters of the type described in Chapter 9, to make a wide-range
(10 Hz to 1 MHz) synthesizer.
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6 10 2 16
1
14 4518B -
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(=100 £,)
7] 15 "

dl ‘]
o
Figure 10.24 A4 x 100 low-frequency prescaler
Finally, to complete this volume, Figure 10.24 shows how the synthesizer
principle can be used to make a x 100 frequency prescaler that can be used to
change a hard-to-measure 1 Hz to 150 Hz inputsignalintoa 100 Hz to 15 kHz
output signal that can easily be measured on a standard frequency counter.

The 4518B IC used in this circuit actually contains a pair of decade counters,
and in Figure 10.24 thesc are cascaded to make a divide-by-100 counter.
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Programmable gate, 49-51

Pulse generator circuit, 96

Pulse inverter, 34 7

Ramp generator. 74

Reset-set bistable circuit (R-S flip-flop).

93
Resettable monostable circuit, 96
Resistor-transistor logic (RTL), 2
Retriggerable monostable circuit, 96 7
Ring-of-three astable circuit, 83-4
Ripple counters. 1201
long, 122-3

Sample-and-hold element, 74
Schmitt inverter, 49, 85

Schmitt trigger, 49, 98 102

Security alarm, 177-80

Self-latching circuit, 65-7, 1934
Seven-segment decoder/driver, 165-6
Seven-segment LCD driver, 1667
Shift register, 131-2

Square-wave generator, 76

Index 189

Switch biasing. 57-8
Switching functions, basic, 7. 64-6

T flip-flop. 117

Three-state output, 9 10

Trailing-edge detector circuit, 99

Transistor-transistor logic (TTL) load,
35

Transition voltage, 7

Transmission gate, 24-5, 55, 56

Truth table, 34

Up and down counter, 124-5
synchronous, 145 6

Up counter, synchronous, 139

Usage rules, 11

Variable capacitor, 73
Voltage-controlled oscillator (VCO),
75, 80, 89-92, 158-9. 183

Walking-ring counter, 125-6, 133

Zero quiescent current, 15

CMOS digital integrated circuits (by
type number)

3140, 73-4

4001B, 75, 77, 81, 93, 98
alarm-call generator, 170-2
alarm circuit, 176, 178-9
lamp dimmer, 181-2
monostable circuit, 102-4
self-latching circuit, 173-4

4007UB, 12, 20
astable multivibrator, 29-32
crystal oscillator, 28
high power inverter, 23
high-sink-current inverter, 22
inverter plus non-inverting buffer,

21-2
linear amplifier, 27 8
three-input NOR gate, 23
transmission gate, 24-5
triple inverter, 21
two-input NAND gate, 24

4011B, 46, 75, 77, 81, 93, 98
monostable circuit, 102-4

4012B, 46

4013B, 104
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flip-flop. 117 19
4016B, 60, 63 6, 74
40178B:

counting applications. 134 6

decade counter, 133-4

sequencing applications. 136-8
4018B. divide-by-N counter, 127 30
40208, ripple counter. 123
4022B. octal counter, 138
4023B. 46
4024B. ripple counter, 122
4026B. up counter, 139, 140-2
4027B. 104, 106

JK flip-flop, 117-19
4028B. decoder, 164
4029B. up/down counter. 1458
4033B. up counter, 139, 140 2
4040B. ripple counter, 122
4041UB. 36
4046B, 75

PLL circuit, 182-5

VCO circuit. 89-92
4047B. 98

monostable circuit, 109-13

4069UB. 35

4070B. 47

4073B. 45

4077B. 47

4081B. 45

4082B. 45. 49

4093B. 49. 75

4097B, 63

4098B, monostable circuit, 109 13
4052B. 36

4510B, up down counter, 146. 149
4514B, decoder, 164

4515B, decoder. 164

4516B. up’'down counter. 146, 149
4518. up counter, 139, 142-3
4520B, up counter, 139, 142 3
4522B, down counter, 159-60
4526B. down counter, 159-60
4530B, 51. 52

4543B, decoder, 166 7

40102B, down counter, 160-2
40103, down counter, 160-2
40106B, 49

40107B, 46

4048B. 49-51 40160-40163B, up counter, 139, 143-5

4049UB. 35 40192B. up down counter, 146, 149-51
4050B, 35 40193B. up/down counter, 146, 149-51
4051B, 58, 61-3

4052B, 58, 61-3 555. 86

4053B. 58. 61 3

40608, ripple counter, 123
4066B. 60, 63-6, 67, 74
4067B, 63

4068B, 46

7555, 87 8.98. 107-9
monostable circuit, 107-9

17555.87 9









ounters and

ISBN 0-434-91212-3

\¢" | HEINEMANN
NEWNES 9780434912124






