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CHAPTER 1/INTRODUCTORY CONCEPTS

often electronic, but they can also be mechanical, magnetic, or pneumatic.
Some of the more familiar digital systems include digital computers and cal-
culators, digital audio and video equipment, and the telephone system—the
world’s largest digital system.

An analog system contains devices that manipulate physical quantities
that are represented in analog form. In an analog system, the quantities can
vary over a continuous range of values. For example, the amplitude of the
output signal to the speaker in a radio receiver can have any value between
zero and its maximum limit. Other common analog systems are audio ampli-
fiers, magnetic tape recording and playback equipment, and a simple light
dimmer switch.

Advantages of Digital Techniques

An increasing majority of applications in electronics, as well as in most other
technologies, use digital techniques to perform operations that were once
performed using analog methods. The chief reasons for the shift to digital
technology are:

1. Digital systems are generally easier to design. The circuits used in digital
systems are switching circuits, where exact values of voltage or current
are not important, only the range (HIGH or LOW) in which they fall.

2. Information storage is easy. This is accomplished by special devices and
circuits that can latch onto digital information and hold it for as long as
necessary, and mass storage techniques that can store billions of bits of
information in a relatively small physical space. Analog storage capabil-
ities are, by contrast, extremely limited.

3. Accuracy and precision are easier to maintain throughout the system. Once
a signal is digitized, the information it contains does not deteriorate as it
is processed. In analog systems, the voltage and current signals tend to
be distorted by the effects of temperature, humidity, and component tol-
erance variations in the circuits that process the signal.

4. Operation can be programmed. It is fairly easy to design digital systems
whose operation is controlled by a set of stored instructions called a
program. Analog systems can also be programmed, but the variety and
the complexity of the available operations are severely limited.

5. Digital circuits are less affected by noise. Spurious fluctuations in voltage
(noise) are not as critical in digital systems because the exact value of a
voltage is not important, as long as the noise is not large enough to pre-
vent us from distinguishing a HIGH from a LOW.

6. More digital circuitry can be fabricated on IC chips. It is true that analog
circuitry has also benefited from the tremendous development of IC
technology, but its relative complexity and its use of devices that cannot
be economically integrated (high-value capacitors, precision resistors,
inductors, transformers) have prevented analog systems from achieving
the same high degree of integration.

Limitations of Digital Techniques

There are really very few drawbacks when using digital techniques. The two
biggest problems are:

15




SEcTION 1-5/DIGITAL CIRCUITS/LOGIC CIRCUITS 15
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FIGURE 1-8 (a) Typical voltage assignments in digital system; (b) typical digital
signal timing diagram.

for example, for the voltage assignments of Figure 1-8(a), a voltage of 3.6 V
means the same as a voltage of 4.3 V. In analog systems, the exact value of a
voltage is important. For instance, if the analog voltage is proportional to the
temperature measured by a transducer, the 3.6 V would represent a different
temperature than would 4.3 V. In other words, the voltage value carries sig-
nificant information. This characteristic means that the design of accurate
analog circuitry is generally more difficult than that of digital circuitry be-
cause of the way in which exact voltage values are affected by variations in
component values, temperature, and noise (random voltage fluctuations).

Digital Signals and Timing Diagrams

Figure 1-8(b) shows a typical digital signal and how it varies over time. It is
actually a graph of voltage versus time (t) and is called a timing diagram. The
horizontal time scale is marked off at regular intervals beginning at ¢, and
proceeding to tq, t, and so on. For the example timing diagram shown here,
the signal starts at 0V (a binary 0) at time ¢, and remains there until time ¢;.
At tq, the signal makes a rapid transition (jump) up to 4V (a binary 1). At t,,
it jumps back down to 0V. Similar transitions occur at t3 and t5. Note that the
signal does not change at t4 but stays at 4V from t3 to ts.

The transitions on this timing diagram are drawn as vertical lines, and so
they appear to be instantaneous, when in reality they are not. In many situ-
ations, however, the transition times are so short compared to the times be-
tween transitions that we can show them on the diagram as vertical lines. We
will encounter situations later where it will be necessary to show the transi-
tions more accurately on an expanded time scale.

Timing diagrams are used extensively to show how digital signals change
with time, and especially to show the relationship between two or more dig-
ital signals in the same circuit or system. By displaying one or more digital
signals on an oscilloscope or logic analyzer, we can compare the signals to their
expected timing diagrams. This is a very important part of the testing and
troubleshooting procedures used in digital systems.

1-5 DIGITAL CIRCUITS/LOGIC CIRCUITS

Digital circuits are designed to produce output voltages that fall within the
prescribed 0 and 1 voltage ranges such as those defined in Figure 1-8.
T ileasiricn Adigitnl Atmnssita ara dagicgnad +4 racnan A smvadistahlyy 4 11 ol

Lixkewise, aigital Circuits are aesiginea to respona preaictaoiy to input voit-

ages that are within the defined 0 and 1 ranges. What this means is that a
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FIGURE 1-9 A digital
circuit responds to an
input’s binary level (0 or 1)
and not to its actual
voltage.

CHAPTER 1/INTRODUCTORY CONCEPTS

digital circuit will respond in the same way to all input voltages that fall
within the allowed 0 range; similarly, it will not distinguish between input
voltages that lie within the allowed 1 range.

To illustrate, Figure 1-9 represents a typical digital circuit with input v;
and output v,. The output is shown for two different input signal waveforms.
Note that v, is the same for both cases because the two input waveforms,
while differing in their exact voltage levels, are at the same binary levels.
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Logic Circuits

The manner in which a digital circuit responds to an input is referred to as
the circuit’s logic. Each type of digital circuit obeys a certain set of logic
rules. For this reason, digital circuits are also called logic circuits. We will
use both terms interchangeably throughout the text. In Chapter 3, we will
see more clearly what is meant by a circuit’s “logic.”

We will be studying all the types of logic circuits that are currently used
in digital systems. Initially, our attention will be focused only on the logical
operation that these circuits perform—that is, the relationship between the
circuit inputs and outputs. We will defer any discussion of the internal cir-
cuit operation of these logic circuits until after we have developed an un-
derstanding of their logical operation.

Digital Integrated Circuits

Almost all of the digital circuits used in modern digital systems are inte-
grated circuits (ICs). The wide variety of available logic ICs has made it pos-
sible to construct complex digital systems that are smaller and more reliable
than their discrete-component counterparts.

Several integrated-circuit fabrication technologies are used to produce dig-
ital ICs, the most common being CMOS, TTL, NMOS, and ECL. Each differs in
the type of circuitry used to provide the desired logic operation. For example,
TTL (transistor-transistor logic) uses the bipolar transistor as its main circuit el-
ement, while CMOS (complementary metal-oxide-semiconductor) uses the en-
hancement-mode MOSFET as its principal circuit element. We will learn about
the various IC technologies, their characteristics, and their relative advantages
and disadvantages after we master the basic logic circuit types.

17



SECTION 3-2/TRUTH TABLES 57

3-1 BOOLEAN CONSTANTS AND VARIABLES

Boolean algebra differs in a major way from ordinary algebra because
Boolean constants and variables are allowed to have only two possible values,
0 or 1. A Boolean variable is a quantity that may, at different times, be equal
to either 0 or 1. Boolean variables are often used to represent the voltage
level present on a wire or at the input/output terminals of a circuit. For ex-
ample, in a certain digital system, the Boolean value of 0 might be assigned
to any voltage in the range from 0 to 0.8 V, while the Boolean value of 1 might
be assigned to any voltage in the range 2 to 5 V.*

Thus, Boolean 0 and 1 do not represent actual numbers but instead repre-
sent the state of a voltage variable, or what is called its logic level. A voltage
in a digital circuit is said to be at the logic 0 level or the logic 1 level, depend-
ing on its actual numerical value. In digital logic, several other terms are used
synonymously with 0 and 1. Some of the more common ones are shown in
Table 3-1. We will use the 0/1 and LOW/HIGH designations most of the time.

TABLE 3-1
Logic 0 Logic 1
False True
Off On
Low High
No Yes
Open switch Closed switch

As we said in the introduction, Boolean algebra is a means for expressing
the relationship between a logic circuit’s inputs and outputs. The inputs are
considered logic variables whose logic levels at any time determine the out-
put levels. In all our work to follow, we shall use letter symbols to represent
logic variables. For example, the letter A might represent a certain digital
circuit input or output, and at any time we must have either A = 0 or A = 1:
if not one, then the other.

Because only two values are possible, Boolean algebra is relatively easy
to work with compared with ordinary algebra. In Boolean algebra, there are
no fractions, decimals, negative numbers, square roots, cube roots, loga-
rithms, imaginary numbers, and so on. In fact, in Boolean algebra there are
only three basic operations: OR, AND, and NOT.

These basic operations are called logic operations. Digital circuits called
logic gates can be constructed from diodes, transistors, and resistors con-
nected so that the circuit output is the result of a basic logic operation (OR,
AND, NOT) performed on the inputs. We will be using Boolean algebra first
to describe and analyze these basic logic gates, then later to analyze and de-
sign combinations of logic gates connected as logic circuits.

3-2 TRUTH TABLES

A truth table is a means for describing how a logic circuit’s output depends
on the logic levels present at the circuit’s inputs. Figure 3-1(a) illustrates a
truth table for one type of two-input logic circuit. The table lists all possible

*Voltages between 0.8 and 2 V are undefined (neither 0 nor 1) and should not occur under normal cir-
cumstances.
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B OBIJECTIVES

Upon completion of this chapter, vou will be able to:

B Construct and analyze the operation of a latch flip-flop made from
NAND or NOR gates.

B Describe the difference between synchronous and asynchronous syste

®  Understand the operation of edge-triggered flip-flops.

B Analyze and apply the various flip-flop timing parameters specified by =
the manufacturers. \

B Understand the major differences between parallel and serial data
transfers.

®  Draw the output timing waveforms of several types of flip-flops in
response to a set of input signals.

Recognize the various IEEE/ANSI flip-flop symbols.

Use state transition diagrams to describe counter operation.
Use flip-flops in synchronization circuits.

Connect shift registers as data transfer circuits.

Employ flip-flops as frequency-division and counting circuits.
Understand the typical characteristics of Schmitt triggers.
Apply two different types of one-shots in circuit design.
Design a free-running oscillator using a 555 timer.

Recognize and predict the effects of clock skew on synchronous circuit
Troubleshoot various types of flip-flop circuits. .
Write HDL code for latches.

Use logic primitives, components, and libraries in HDL code.

Build structural level circuits from components.

B INTRODUCTION

The logic circuits considered thus far have been combinational circuits
whose output levels at any instant of time are dependent on the levels pres-
ent at the inputs at that time. Any prior input-level conditions have no ef-
fect on the present outputs because combinational logic circuits have no
memory. Most digital systems consist of both combinational circuits and
memory elements.

Figure 5-1 shows a block diagram of a general digital system that com-
bines combinational logic gates with memory devices. The combinational .
portion accepts logic signals from external inputs and from the outputs of
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FIGURE 5-1 General digi-
tal system diagram.
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External inputs
to produce various outputs, some of which are used to determine the bina
values to be stored in the memory elements. The outputs of some of the
memory elements, in turn, go to the inputs of logic gates in the combina-
tional circuits. This process indicates that the external outputs of a digital
system are functions of both its external inputs and the information stored
in its memory elements.

The most important memory element is the flip-flop, which is made up
of an assembly of logic gates. Even though a logic gate, by itself, has no
storage capability, several can be connected together in ways that permit
information to be stored. Several different gate arrangements are used to
produce these flip-flops (abbreviated FF).

Figure 5-2(a) is the general type of symbol used for a flip-flop. It shows
two outputs, labeled Q and Q, that are the inverse of each other. Q/Q are t
most common designations used for a FF’s outputs. From time to time, we
will use other designations such as X/X and A/A for convenience in identi-
fying different FFs in a logic circuit.

The Q output is called the normal FF output, and Q is the inverted FF
output. Whenever we refer to the state of a FF, we are referring to the stat:
of its normal (Q) output; it is understood that its inverted output (Q) isin
the opposite state. For example, if we say that a FF is in the HIGH (1) stat
we mean that Q = 1; if we say that a FF is in the LOW (0) state, we mean
that Q = 0. Of course, the Q state will always be the inverse of Q.

The two possible operating states for a FF are summarized in Figure
5-2(b). Note that the HIGH or 1 state (Q = 1/Q = 0) is also referred to as t
SET state. Whenever the inputs to a FF cause it to go to the Q = 1 state,
call this setting the FF; the FF has been set. In a similar way, the LOW or

Output states

— Q ——=e@ Normal Q=1,Q=0: called HIGH or 1
— output state; also called SET st
: FF
Inputs
— Q ——e Inverted Q=0,Q=1: called LOW or 0 state;
output also called CLEAR or
(a) RESET state

(b)
FIGURE 5-2 General flip-flop symbol and definition of its two possible output stat
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0 state (Q = 0/Q = 1) is also referred to as the CLEAR or RESET state.
Whenever the inputs to a FF cause it to go to the Q = 0 state, we call this
clearing or resetting the FF; the FF has been cleared (reset). As we shall see,
many FFs will have a SET input and/or a CLEAR (RESET) input that is
used to drive the FF into a specific output state.

As the symbol in Figure 5-2(a) implies, a FF can have one or more inputs.
These inputs are used to cause the FF to switch back and forth (“flip-flop”)
between its possible output states. We will find out that most FF inputs need
only to be momentarily activated (pulsed) in order to cause a change in the
FF output state, and the output will remain in that new state even after the
input pulse is over. This is the FF’s memory characteristic.

The flip-flop is known by other names, including latch and bistable mul-
tivibrator. The term latch is used for certain types of flip-flops that we will
describe. The term bistable multivibrator is the more technical name for a
flip-flop, but it is too much of a mouthful to be used regularly.

5-1 NAND GATE LATCH

The most basic FF circuit can be constructed from either two NAND gates or
two NOR gates. The NAND gate version, called a NAND gate latch or simply
a latch, is shown in Figure 5-3(a). The two NAND gates are cross-coupled so
that the output of NAND-1 is connected to one of the inputs of NAND-2, and
vice versa. The gate outputs, labeled Q and Q, respectively, are the latch out-
puts. Under normal conditions, these outputs will always be the inverse of
each other. There are two latch inputs: the SET input is the input that sets Q
to the 1 state; the RESET input is the input that resets Q to the 0 state.

The SET and RESET inputs are both normally resting in the HIGH state,
and one of them will be pulsed LOW whenever we want to change the latch
outputs. We begin our analysis by showing that there are two equally likely
output states when SET = RESET = 1. One possibility is shown in Figure 5-
3(a), where we have Q = 0 and Q = 1. With Q = 0, the inputs to NAND-2 are
0 and 1, which produce Q = 1. The 1 from Q causes NAND-1 to have a 1 at
both inputs to produce a 0 output at Q. In effect, what we have is the LOW at
the NAND-1 output producing a HIGH at the NAND-2 output, which, in turn,
keeps the NAND-1 output LOW.

The second possibility is shown in Figure 5-3(b), where Q = 1 and Q = 0.
The HIGH from NAND-1 produces a LOW at the NAND-2 output, which, in
turn, keeps the NAND-1 output HIGH. Thus, there are two possible output
states when SET = RESET = 1; as we shall soon see, the one that actually
exists will depend on what has occurred previously at the inputs.

1
SET @—— Q

1
RESET @&———
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Setting the Latch (FF)

Now let’s investigate what happens when the SET input is momentari
pulsed LOW while RESET is kept HIGH. Figure 5-4(a) shows what happe
when @ = 0 prior to the occurrence of the puise. As SET is pulsed LOW
time ty, Q will go HIGH, and this HIGH will force Q to go LOW so th
NAND-1 now has two LOW inputs. Thus, when SET returns to the 1 state
t1, the NAND-1 output remains HIGH, which, in turn, keeps the NAND-2 ou

put LOW.

1
RESET @&—

(a) (b)

FIGURE 5-4 Pulsing the SET input to the 0 state when (a) Q = 0 prior to SET
pulse; (b) Q = 1 prior to SET pulse. Note that, in both cases, Q ends up HIGH.

Figure 5-4(b) shows what happens when Q = 1 and Q = 0 prior to the a
plication of the SET pulse. Since Q = 0 is already keeping the NAND-1 ou
put HIGH, the LOW pulse at SET will not change anything. Thus, when SE
returns HIGH, the latch outputs are still in the Q = 1, Q = 0 state.

We can summarize Figure 5-4 by stating that a LOW pulse on the SET i
put will always cause the latch to end up in the Q = 1 state. This operation
called setting the latch or FF.

Resetting the Latch (FF)

Now let’s consider what occurs when the RESET input is pulsed LOW whi
SET is kept HIGH. Figure 5-5(a) shows what happens when Q = 0 and Q =

SET

to (a) to Y4

FIGURE 5-5 Pulsing the RESET input to the LOW state when (a) Q = 0 prior to
RESET pulse; (b) Q = 1 prior to RESET pulse. In each case, Q ends up LOW.
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prior to the application of the pulse. Since Q = 0 is already keeping the
NAND-2 output HIGH, the LOW pulse at RESET will not have any effect.
When RESET returns HIGH, the latch outputs are still Q = 0 and Q = 1.

Figure 5-5(b) shows the situation where Q = 1 prior to the occurrence of
the RESET pulse. As RESET is pulsed LOW at t, Q will go HIGH, and this
HIGH forces Q to go LOW so that NAND-2 now has two LOW inputs. Thus,
when RESET returns HIGH at t;, the NAND-2 output remains HIGH, which,
in turn, keeps the NAND-1 output LOW.

Figure 5-5 can be summarized by stating that a LOW pulse on the RESET
input will always cause the latch to end up in the Q = 0 state. This operation
is called clearing or resetting the latch.

Simultaneous Setting and Resetting

The last case to consider is the case where the SET and RESET inputs are si-
multaneously pulsed LOW. This will produce HIGH levels at both NAND out-
puts so that Q = Q = 1. Clearly, this is an undesired condition because the
two outputs are supposed to be inverses of each other. Furthermore, when
the SET and RESET inputs return HIGH, the resulting output state will de-
pend on which input returns HIGH first. Simultaneous transitions back to
the 1 state will produce unpredictable results. For these reasons the
SET = RESET = 0 condition is normally not used for the NAND latch.

Summary of NAND Latch

The operation described above can be conveniently placed in a function
table (Figure 5-6) and is summarized as follows:

1. SET = RESET = 1. This condition is the normal resting state, and it has
no effect on the output state. The Q and Q outputs will remain in what-
ever state they were in prior to this input condition.

2. SET = 0, RESET = 1. This will always cause the output to go to the
Q = 1 state, where it will remain even after SET returns HIGH. This is
called setting the latch.

3. SET = 1, RESET = 0. This will always produce the Q = 0 state, where
the output will remain even after RESET returns HIGH. This is called
clearing or resetting the latch.

4. SET = RESET = 0. This condition tries to set and clear the latch at the
same time, and it produces Q = Q = 1. If the inputs are returned to 1 si-
multaneously, the resulting state is unpredictable. This input condition
should not be used.

SET @&— Q

Set Reset Output
1 1 No change
0 1 Q=
1 0 Q=0
0 0 Invalid*

Q *Produces Q=Q = 1.
RESET @&—— (b)
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FIGURE 5-7 (a) NAND
. latch equivalent represen-
| tation; (b) simplified block
‘ symbol.
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Alternate Representations

From the description of the NAND latch operation, it should be clear t
the SET and RESET inputs are active-LOW. The SET input will set (

when SET sges LOW: the RESET input will clear n =0 when RESET ﬂ

WIICIL OS5 1 gUCS LU vy, LT NNn0ao 1 Jup U viii LaTas WICI RS D

LOW. For this reason, the NAND latch is often drawn using the alternate
resentation for each NAND gate, as shown in Figure 5-7(a). The bubbles
the inputs, as well as the labeling of the signals as SET and RESET, indi
the active-LOW status of these inputs. (You may want to review Sections 4
and 3-14 on this topic.)

Figure 5-7(b) shows a simplified block representation that we will so
times use. The S and R labels represent the SET and RESET inputs, and
bubbles indicate the active-LOW nature of these inputs. Whenever we
this block symbol, it represents a NAND latch.

SET Q
s Qt—e
LATCH
Q &
o—(R Q
RESET
(a) (b)
Terminology

The action of resetting a FF or a latch is also called clearing, and both te
are used interchangeably in the digital field. In fact,a RESET input can
be called a CLEAR input, and a SET-RESET latch can be called a §
CLEAR latch.

EXAMPLE 5-1

The waveforms of Figure 5-8 are applied to the inputs of the latch of Fig
5-7. Assume that initially Q = 0, and determine the Q waveform.

FIGURE 5-8 Example 5-1. 1
= U

.1
RESET |_|

Q

I
I
I
I
I
I I
I I
0 | - il I
I I
Ty T2 T3 T, Ts Tg
Solution

Initially, SET = RESET = 1 so that Q will remain in the 0 state. The L
pulse that occurs on the RESET input at time Ty will have no effect beca
Q is already in the cleared (0) state.
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The only way that Q can go to the 1 state is by a LOW pulse on the SET
input. This occurs at time T, when SET first goes LOW. When SET returns
HIGH at T3, Q will remain in its new HIGH state.

At time T4 when SET goes LOW again, there will be no effect on Q be-
cause (Q is already set to the 1 state.

The only way to bring Q back to the 0 state is by a LOW pulse on the
RESET input. This occurs at time T5. When RESET returns to 1 at time T§,
Q remains in the LOW state.

Example 5-1 shows that the latch output “remembers” the last input that
was activated and will not change states until the opposite input is activated.

FIGURE 5-9
‘41 Mechanical contact

Lounce will produce multi-

It transitions; (b) NAND
wich used to debounce a
mechanical switch.

It is almost impossible to obtain a “clean” voltage transition from a mechan-
ical switch because of the phenomenon of contact bounce. This is illustrated
in Figure 5-9(a), where the action of moving the switch from contact position
1 to 2 produces several output voltage transitions as the switch bounces
(makes and breaks contact with contact 2 several times) before coming to
rest on contact 2.

The multiple transitions on the output signal generally last no longer
than a few milliseconds, but they would be unacceptable in many applica-
tions. A NAND latch can be used to prevent the presence of contact bounce
from affecting the output. Describe the operation of the “switch debounc-
ing” circuit in Figure 5-9(b).

+5V
Random "bouncing"
I 5V
2
«
: —> Vour
1 - ov—4
| Switch
" | comes to rest
W'.@h to in position 2
| position 2
(a)
+5V
Vour 1-—-
Qr—e
0 —1

I I
Switchto  Switch back to
position 2 position 1

+5V
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REVIEW QUESTIONS

SET -
Q
Set Reset Output o— s Q
0 0 No change
0 j Q=0
1 1 Invalid* o—— R Q
Q *Produces Q = Q = 0.
RESET (b) (c)
N (a)
= FIGURE 5-10 (a) NOR gate latch; (b) function table; (c) simplified block symbol.
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Solution

Assume that the switch is resting in position 1 so that the RESET input |
LOW and Q = 0. When the switch is moved to position 2, RESET will g
HIGH, and a LOW will appear on the SET input as the switch first make
contact. This will set Q = 1 within a matter of a few nanoseconds (the n
sponse time of the NAND gate). Now if the switch bounces off contact 2,SE
and RESET will both be HIGH, and Q will not be affected; it will stay HIGH.
Thus, nothing will happen at Q as the switch bounces on and off contact 2 beo
fore finally coming to rest in position 2.

Likewise, when the switch is moved from position 2 back to position |
it will place a LOW on the RESET input as it first makes contact. Thi
clears Q to the LOW state, where it will remain even if the switch bounce
on and off contact 1 several times before coming to rest.

Thus, the output at Q will consist of a single transition each time th ‘
switch is moved from one position to the other.

1. What is the normal resting state of the SET and RESET inputs? Wha
the active state of each input? ‘
2. What will be the states of Q and Q after a FF has been reset (cleared "
3. True or false: The SET input can never be used to make Q = 0.
4. When power is first applied to any FF circuit, it is impossible to pred
the initial states of Q and Q. What can be done to ensure that a N
latch always starts off in the Q = 1 state?

5-2 NOR GATE LATCH

Two cross-coupled NOR gates can be used as a NOR gate latch. The arrang
ment, shown in Figure 5-10(a), is similar to the NAND latch except that the

Py T

and @ outputis have reversed positioins.

The analysis of the operation of the NOR latch can be performed in e
actly the same manner as for the NAND latch. The results are given in th
function table in Figure 5-10(b) and are summarized as follows:

1. SET = RESET = 0. This is the normal resting state for the NOR lat¢
and it has no effect on the output state. Q and Q will remain in whatev
state they were in prior to the occurrence of this input condition.
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2. SET = 1, RESET = 0. This will always set Q = 1, where it will remain
even after SET returns to 0.

3. SET = 0, RESET = 1. This will always clear Q = 0, where it will remain
even after RESET returns to 0.

4. SET = 1, RESET = 1. This condition tries to set and reset the latch at
the same time, and it produces Q = Q = 0. If the inputs are returned to 0
simultaneously, the resulting output state is unpredictable. This input
condition should not be used.

The NOR gate latch operates exactly like the NAND latch except that the
SET and RESET inputs are active-HIGH rather than active-LOW, and the
normal resting state is SET = RESET = 0. Q will be set HIGH by a HIGH
pulse on the SET input, and it will be cleared LOW by a HIGH pulse on the
RESET input. The simplified block symbol for the NOR latch in Figure 5-
10(c) is shown with no bubbles on the S and R inputs; this indicates that
these inputs are active-HIGH.

EXAMPLE 5-3

FIGURE 5-11  Example
51

Assume that Q = 0 initially, and determine the Q waveform for the NOR
latch inputs of Figure 5-11.

SET |——I I_!

.
]

I
I
RESET i
g ? [ I
h [ I
| | |
Q | | |
0 | | |
o | |
I8, e [ |
T, T, T3 T4 Ts Te
Solution

Initially, SET = RESET = 0, which has no effect on Q, and Q stays LOW.
When SET goes HIGH at time Tq, Q will be set to 1 and will remain there
even after SET returns to 0 at 7.

At T3 the RESET input goes HIGH and clears Q to the 0 state, where it
remains even after RESET returns LOW at T}.

The RESET pulse at T5 has no effect on Q because Q is already LOW.
The SET pulse at T again sets Q back to 1, where it will stay.

Example 5-3 shows that the latch “remembers” the last input that was ac-
tivated, and it will not change states until the opposite input is activated.

EXAMPLE 5-4

of a light beam. The light is focused on a phototransistor that is connected in
the common-emitter configuration to operate as a switch. Assume that the
latch has previously been cleared to the 0 state by momentarily opening switch
SW1, and describe what happens if the light beam is momentarily interrupted.
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REVIEW QUESTIONS
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FIGURE 5-12 +5V
Example 5-4.

= SWi1

Solution

With light on the phototransistor, we can assume that it is fully conductin
so that the resistance between the collector and the emitter is very sma
Thus, vy will be close to 0V. This places a LOW on the SET input of the lat
so that SET = RESET = 0.

When the light beam is interrupted, the phototransistor turns off, an
its collector-emitter resistance becomes very high (i.e., essentially an ope
circuit). This causes vy to rise to approximately 5 V; this activates the S
input, which sets Q HIGH and turns on the alarm.

Q will remain HIGH and the alarm will remain on even if vy returns t
0V (i.e., the light beam was interrupted only momentarily) because SE
and RESET will both be LOW, which will produce no change in Q.

In this application, the latch’s memory characteristic is used to conve
a momentary occurrence (beam interruption) into a constant output.

Flip-Flop State on Power-Up
When power is applied to a circuit, it is not possible to predict the startin
state of a flip-flop’s output if its SET and RESET inputs are in their inactivi
state (e.g., S = R = 1 for a NAND latch, S = R = 0 for a NOR latch). There i
just as much chance that the starting state willbe Q = 0 as Q = 1. It will d
pend on factors such as internal propagation delays, parasitic capacitance
and external loading. If a latch or FF must start off in a particular state t
ensure the proper operation of a circuit, then it must be placed in that stat
by momentarily activating the SET or RESET input at the start of the cir
cuit’s operation. This is often achieved by application of a pulse to the a
propriate input.

1. What is the normal resting state of the NOR latch inputs? What is the
tive state?

2. When a latch is set, what are the states of Q and Q? g

3. What is the only way to cause the Q output of a NOR latch to change frc
1to0?

4. If the NOR latch in Figure 5-12 were replaced by a NAND latch,
wouldn’t the circuit work properly?
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5-3 TROUBLESHOOTING CASE STUDY

The following two examples present an illustration of the kinds of reasoning
used in troubleshooting a circuit containing a latch.

EXAMPLE 5-5

Analyze and describe the operation of the circuit in Figure 5-13.

I 1 kHz

3
z2 Xa
6
z2 Xg
Switch
position Xa Xg
A Pulses | LOW
B LOW | Pulses

FIGURE 5-13 Examples 5-5 and 5-6.

Solution

The switch is used to set or clear the NAND latch to produce clean, bounce-
free signals at Q and Q. These latch outputs control the passage of the 1-kHz
pulse signal through to the AND outputs X, and Xp.

When the switch moves to position A, the latch is set to Q = 1. This en-
ables the 1-kHz pulses to pass through to X4, while the LOW at Q keeps
Xp = 0. When the switch moves to position B, the latch is cleared to Q = 0,

which keeps X, = 0, while the HIGH at Q enables the pulses to pass
through to Xp.

A technician tests the circuit of Figure 5-13 and records the observations
shown in Table 5-1. He notices that when the switch is in position B, the cir-
cuit functions correctly, but in position A the latch does not set to the Q = 1
state. What are the possible faults that could produce this malfunction?

Solution
There are several possibilities:

1. An internal open connection at Z1-1, which would prevent Q from re-
sponding to the SET input.
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