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Circuitos Sequenciais



Objetivos

Nesta aula vamos aprender sobre:

• Circuitos lógicos que podem armazenar informações;

• Latches e Flip-flops, os quais armazenam um único bit.
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Necessidade
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In previous chapters we considered combinational circuits where the value of each output depends solely on
the values of signals applied to the inputs. There exists another class of logic circuits in which the values of the
outputs depend not only on the present values of the inputs but also on the past behavior of the circuit. Such
circuits include storage elements that store the values of logic signals. The contents of the storage elements
are said to represent the state of the circuit. When the circuit’s inputs change values, the new input values
either leave the circuit in the same state or cause it to change into a new state. Over time the circuit changes
through a sequence of states as a result of changes in the inputs. Circuits that behave in this way are referred
to as sequential circuits.

In this chapter we will introduce circuits that can be used as storage elements. But first, we
will motivate the need for such circuits by means of a simple example. Suppose that we wish
to control an alarm system, as shown in Figure 5.1. The alarm mechanism responds to the
control input On/Off . It is turned on when On/Off = 1, and it is off when On/Off = 0. The
desired operation is that the alarm turns on when the sensor generates a positive voltage
signal, Set, in response to some undesirable event. Once the alarm is triggered, it must
remain active even if the sensor output goes back to zero. The alarm is turned off manually
by means of a Reset input. The circuit requires a memory element to remember that the
alarm has to be active until the Reset signal arrives.

Figure 5.2 gives a rudimentary memory element, consisting of a loop that has two
inverters. If we assume that A = 0, then B = 1. The circuit will maintain these values
indefinitely because of the feedback loop. We say that the circuit is in the state defined
by these values. If we assume that A = 1, then B = 0, and the circuit will remain in this
second state indefinitely. Thus the circuit has two possible states. This circuit is not useful,
because it lacks some practical means for changing its state. Useful circuits that exhibit
such memory behavior can be constructed with logic gates.

Memory
element Alarm

Sensor

Reset

Set

On Off/

Figure 5.1 Control of an alarm system.

A B

Figure 5.2 A simple memory element.
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Latch básico
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Figure 5.4 A basic latch built with NOR gates.

The oscillations discussed above illustrate that even though the basic latch is a simple
circuit, careful analysis has to be done to fully appreciate its behavior. In general, any
circuit that contains one or more feedback paths, such that the state of the circuit depends
on the propagation delays through logic gates, has to be designed carefully. We discuss
timing issues in Section 5.15 and in Chapter 9.

The latch in Figure 5.4a can perform the functions needed for the memory element in
Figure 5.1, by connecting the Set signal to the S input and Reset to the R input. The Qa
output provides the desired On/Off signal. To initialize the operation of the alarm system,
the latch is reset. Thus the alarm is off. When the sensor generates the logic value 1, the
latch is set and Qa becomes equal to 1. This turns on the alarm mechanism. If the sensor
output returns to 0, the latch retains its state where Qa = 1; hence the alarm remains turned
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Latch com habilita (gated latch)
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Figure 5.5 Gated SR latch.
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Latch construído com portas NAND
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Figure 5.6 Gated SR latch with NAND gates.

clock signal usually appears in a real system. The diagram presents the effect of several
combinations of signal values. Observe that we have labeled one output as Q and the other
as its complement Q, rather than Qa and Qb as in Figure 5.4. Since the undefined mode,
where S = R = 1, must be avoided in practice, the normal operation of the latch will have
the outputs as complements of each other. Moreover, we will often say that the latch is set
when Q = 1, and it is reset when Q = 0. A graphical symbol for the gated SR latch is given
in Figure 5.5d .

5.2.1 Gated SR Latch with NAND Gates

So far we have implemented the basic latch with cross-coupled NOR gates. We can also
construct the latch with NAND gates. Using this approach, we can implement the gated
SR latch as depicted in Figure 5.6. The behavior of this circuit is described by the table
in Figure 5.5b. Note that in this circuit, the clock is gated by NAND gates, rather than by
AND gates. Note also that the S and R inputs are reversed in comparison with the circuit
in Figure 5.5a.

5.3 Gated D Latch

In Section 5.2 we presented the gated SR latch and showed how it can be used as the memory
element in the alarm system of Figure 5.1. This latch is useful for many other applications.
In this section we describe another gated latch that is even more useful in practice. It has a
single data input, called D, and it stores the value on this input, under the control of a clock
signal. It is called a gated D latch.

To motivate the need for a gated D latch, consider the adder/subtractor unit discussed
in Chapter 3 (Figure 3.12). When we described how that circuit is used to add numbers, we
did not discuss what is likely to happen with the sum bits that are produced by the adder.
Adder/subtractor units are often used as part of a computer. The result of an addition or
subtraction operation is often used as an operand in a subsequent operation. Therefore, it
is necessary to be able to remember the values of the sum bits generated by the adder until
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Figure 5.7 Gated D latch.

level sensitive. We will show in Section 5.4 that it is possible to design storage elements
for which the output changes only at the point in time when the clock changes from one
value to the other. Such circuits are said to be edge triggered.

5.3.1 Effects of Propagation Delays

In the previous discussion we ignored the effects of propagation delays. In practical circuits
it is essential to take these delays into account. Consider the gated D latch in Figure 5.7a.
It stores the value of the D input that is present at the time the clock signal changes from
1 to 0. It operates properly if the D signal is stable (that is, not changing) at the time Clk
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level sensitive. We will show in Section 5.4 that it is possible to design storage elements
for which the output changes only at the point in time when the clock changes from one
value to the other. Such circuits are said to be edge triggered.

5.3.1 Effects of Propagation Delays

In the previous discussion we ignored the effects of propagation delays. In practical circuits
it is essential to take these delays into account. Consider the gated D latch in Figure 5.7a.
It stores the value of the D input that is present at the time the clock signal changes from
1 to 0. It operates properly if the D signal is stable (that is, not changing) at the time Clk
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Flip-flop D Mestre/Escravo
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Figure 5.9 Master-slave D flip-flop.

changes to 0, the master stage stops following the changes in the D input. At the same time,
the slave stage responds to the value of the signal Qm and changes state accordingly. Since
Qm does not change while Clock = 0, the slave stage can undergo at most one change of
state during a clock cycle. From the external observer’s point of view, namely, the circuit
connected to the output of the slave stage, the master-slave circuit changes its state at the
negative-going edge of the clock. The negative edge is the edge where the clock signal
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Figure 5.9 Master-slave D flip-flop.

changes to 0, the master stage stops following the changes in the D input. At the same time,
the slave stage responds to the value of the signal Qm and changes state accordingly. Since
Qm does not change while Clock = 0, the slave stage can undergo at most one change of
state during a clock cycle. From the external observer’s point of view, namely, the circuit
connected to the output of the slave stage, the master-slave circuit changes its state at the
negative-going edge of the clock. The negative edge is the edge where the clock signal
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Flip-flop D com borda positiva (subida)
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Figure 5.11 A positive-edge-triggered D flip-flop.

This circuit behaves as a positive-edge-triggered D flip-flop. A similar circuit, con-
structed with NOR gates, can be used as a negative-edge-triggered flip-flop.

5.4.3 D Flip-Flops with Clear and Preset

Flip-flops are often used for implementation of circuits that can have many possible states,
where the response of the circuit depends not only on the present values of the circuit’s
inputs but also on the particular state that the circuit is in at that time. We will discuss
a general form of such circuits in Chapter 6. A simple example is a counter circuit that
counts the number of occurrences of some event, perhaps passage of time. We will discuss
counters in detail in Section 5.9. A counter comprises a number of flip-flops, whose outputs
are interpreted as a number. The counter circuit has to be able to increment or decrement the
number. It is also important to be able to force the counter into a known initial state (count).
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Flip-flop D Mestre/Escravo com Clear e Preset
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Figure 5.12 Master-slave D flip-flop with Clear and Preset.

Obviously, it must be possible to clear the count to zero, which means that all flip-flops
must have Q = 0. It is equally useful to be able to preset each flip-flop to Q = 1, to insert
some specific count as the initial value in the counter. These features can be incorporated
into the circuits of Figures 5.9 and 5.11 as follows.

Figure 5.12a shows an implementation of the circuit in Figure 5.9a using NAND gates.
The master stage is just the gated D latch of Figure 5.7a. Instead of using another latch
of the same type for the slave stage, we can use the slightly simpler gated SR latch of
Figure 5.6. This eliminates one NOT gate from the circuit.

A simple way of providing the clear and preset capability is to add an extra input to
each NAND gate in the cross-coupled latches, as indicated in blue. Placing a 0 on the
Clear_n input will force the flip-flop into the state Q = 0. If Clear_n = 1, then this input
will have no effect on the NAND gates. Similarly, Preset_n = 0 forces the flip-flop into
the state Q = 1, while Preset_n = 1 has no effect. To denote that the Clear_n and Preset_n
inputs are active when their value is 0, we appended the letter n (for “negative”) to these
names. We should note that the circuit that uses this flip-flop should not try to force both
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Flip-flop D Mestre/Escravo com borda positiva
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Figure 5.13 Positive-edge-triggered D flip-flop with Clear and Preset.

Clear_n and Preset_n to 0 at the same time. A graphical symbol for this flip-flop is shown
in Figure 5.12b.

A similar modification can be done on the edge-triggered flip-flop of Figure 5.11a, as
indicated in Figure 5.13a. Again, both Clear_n and Preset_n inputs are active low. They
do not disturb the flip-flop when they are equal to 1.

In the circuits in Figures 5.12a and 5.13a, the effect of a low signal on either the Clear_n
or Preset_n input is immediate. For example, if Clear_n = 0 then the flip-flop goes into
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Flip-flop T
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Figure 5.15 T flip-flop.

A corresponding characteristic table is given in Figure 5.16b. The circuit is called a JK
flip-flop. It combines the behaviors of SR and T flip-flops in a useful way. It behaves as
the SR flip-flop, where J = S and K = R, for all input values except J = K = 1. For the
latter case, which has to be avoided in the SR flip-flop, the JK flip-flop toggles its state like
the T flip-flop.

The JK flip-flop is a versatile circuit. It can be used for straight storage purposes, just
like the D and SR flip-flops. But it can also serve as a T flip-flop by connecting the J and
K inputs together.
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5.7 Summary of Terminology

We have used the terminology that is quite common. But the reader should be aware that
different interpretations of the terms latch and flip-flop can be found in the literature. Our
terminology can be summarized as follows:

Basic latch is a feedback connection of two NOR gates or two NAND gates, which
can store one bit of information. It can be set to 1 using the S input and reset to 0
using the R input.

Gated latch is a basic latch that includes input gating and a control input signal. The
latch retains its existing state when the control input is equal to 0. Its state may be
changed when the control signal is equal to 1. In our discussion we referred to the
control input as the clock. We considered two types of gated latches:

• Gated SR latch uses the S and R inputs to set the latch to 1 or reset it to 0,
respectively.

• Gated D latch uses the D input to force the latch into a state that has the same
logic value as the D input.
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