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design of sequential circuits. We will introduce the Mealy-type machines, using a slightly
altered version of a previous example.

The essence of the first sequential circuit in Section 6.1 is to generate an output z = 1
whenever a second occurrence of the input w = 1 is detected in consecutive clock cycles.
The specification requires that the output z be equal to 1 in the clock cycle that follows the
detection of the second occurrence of w = 1. Suppose now that we eliminate this latter
requirement and specify instead that the output z should be equal to 1 in the same clock cycle
when the second occurrence of w = 1 is detected. Then a suitable input-output sequence
may be as shown in Figure 6.22. To see how we can realize the behavior given in this table,
we begin by selecting a starting state, A. As long as w = 0, the machine should remain
in state A, producing an output z = 0. When w = 1, the machine has to move to a new
state, B, to record the fact that an input of 1 has occurred. If w remains equal to 1 when the
machine is in state B, which happens if w = 1 for at least two consecutive clock cycles, the
machine should remain in state B and produce an output z = 1. As soon as w becomes 0,
z should immediately become 0 and the machine should move back to state A at the next
active edge of the clock. Thus the behavior specified in Figure 6.22 can be achieved with
a two-state machine, which has a state diagram shown in Figure 6.23. Only two states are
needed because we have allowed the output value to depend on the present value of the
input as well as the present state of the machine. The diagram indicates that if the machine
is in state A, it will remain in state A if w = 0 and the output will be 0. This is indicated by an
arc with the label w = 0/z = 0. When w becomes 1, the output stays at 0 until the machine
moves to state B at the next active clock edge. This is denoted by the arc from A to B with
the label w = 1/z = 0. In state B the output will be 1 if w = 1, and the machine will remain
in state B, as indicated by the label w = 1/z = 1 on the corresponding arc. However, if
w = 0 in state B, then the output will be 0 and a transition to state A will take place at the

Clockcycle: t0 t1 t2 t3 t4 t5 t6 t7 t8 t9 t10

w : 0 1 0 1 1 0 1 1 1 0 1
z: 0 0 0 0 1 0 0 1 1 0 0

Figure 6.22 Sequences of input and output signals.
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Figure 6.23 State diagram of an FSM that realizes the task in Figure 6.22.
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design of sequential circuits. We will introduce the Mealy-type machines, using a slightly
altered version of a previous example.
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may be as shown in Figure 6.22. To see how we can realize the behavior given in this table,
we begin by selecting a starting state, A. As long as w = 0, the machine should remain
in state A, producing an output z = 0. When w = 1, the machine has to move to a new
state, B, to record the fact that an input of 1 has occurred. If w remains equal to 1 when the
machine is in state B, which happens if w = 1 for at least two consecutive clock cycles, the
machine should remain in state B and produce an output z = 1. As soon as w becomes 0,
z should immediately become 0 and the machine should move back to state A at the next
active edge of the clock. Thus the behavior specified in Figure 6.22 can be achieved with
a two-state machine, which has a state diagram shown in Figure 6.23. Only two states are
needed because we have allowed the output value to depend on the present value of the
input as well as the present state of the machine. The diagram indicates that if the machine
is in state A, it will remain in state A if w = 0 and the output will be 0. This is indicated by an
arc with the label w = 0/z = 0. When w becomes 1, the output stays at 0 until the machine
moves to state B at the next active clock edge. This is denoted by the arc from A to B with
the label w = 1/z = 0. In state B the output will be 1 if w = 1, and the machine will remain
in state B, as indicated by the label w = 1/z = 1 on the corresponding arc. However, if
w = 0 in state B, then the output will be 0 and a transition to state A will take place at the
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Figure 6.23 State diagram of an FSM that realizes the task in Figure 6.22.
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next active clock edge. A key point to understand is that during the present clock cycle the
output value corresponds to the label on the arc emanating from the present-state node.

We can implement the FSM in Figure 6.23, using the same design steps as in Sec-
tion 6.1. The state table is shown in Figure 6.24. The table shows that the output z depends
on the present value of input w and not just on the present state. Figure 6.25 gives the
state-assigned table. Because there are only two states, it is sufficient to use a single state
variable, y. Assuming that y is realized as a D-type flip-flop, the required next-state and
output expressions are

Y = D = w

z = wy

The resulting circuit is presented in Figure 6.26 along with a timing diagram. The timing
diagram corresponds to the input-output sequences in Figure 6.22.

The greater flexibility of Mealy-type FSMs often leads to simpler circuit realizations.
This certainly seems to be the case in our examples that produced the circuits in Figures 6.8,
6.17, and 6.26, assuming that the design requirement is only to detect two consecutive
occurrences of input w being equal to 1. We should note, however, that the circuit in
Figure 6.26 is not the same in terms of output behavior as the circuits in Figures 6.8
and 6.17. The difference is a shift of one clock cycle in the output signal in Figure 6.26b. If
we wanted to produce exactly the same output behavior using the Mealy approach, we could
modify the circuit in Figure 6.26a by adding another flip-flop as shown in Figure 6.27. This
flip-flop merely delays the output signal, Z , by one clock cycle with respect to z, as indicated

Present Next state Output z
state w = 0 w = 1 w = 0 w = 1

A A B 0 0
B A B 0 1

Figure 6.24 State table for the FSM in Figure 6.23.

Present Next state Output
state w = 0 w = 1 w = 0 w = 1

y Y Y z z

A 0 0 1 0 0
B 1 0 1 0 1

Figure 6.25 State-assigned table for the FSM in Figure 6.24.
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next active clock edge. A key point to understand is that during the present clock cycle the
output value corresponds to the label on the arc emanating from the present-state node.

We can implement the FSM in Figure 6.23, using the same design steps as in Sec-
tion 6.1. The state table is shown in Figure 6.24. The table shows that the output z depends
on the present value of input w and not just on the present state. Figure 6.25 gives the
state-assigned table. Because there are only two states, it is sufficient to use a single state
variable, y. Assuming that y is realized as a D-type flip-flop, the required next-state and
output expressions are

Y = D = w

z = wy

The resulting circuit is presented in Figure 6.26 along with a timing diagram. The timing
diagram corresponds to the input-output sequences in Figure 6.22.

The greater flexibility of Mealy-type FSMs often leads to simpler circuit realizations.
This certainly seems to be the case in our examples that produced the circuits in Figures 6.8,
6.17, and 6.26, assuming that the design requirement is only to detect two consecutive
occurrences of input w being equal to 1. We should note, however, that the circuit in
Figure 6.26 is not the same in terms of output behavior as the circuits in Figures 6.8
and 6.17. The difference is a shift of one clock cycle in the output signal in Figure 6.26b. If
we wanted to produce exactly the same output behavior using the Mealy approach, we could
modify the circuit in Figure 6.26a by adding another flip-flop as shown in Figure 6.27. This
flip-flop merely delays the output signal, Z , by one clock cycle with respect to z, as indicated

Present Next state Output z
state w = 0 w = 1 w = 0 w = 1

A A B 0 0
B A B 0 1

Figure 6.24 State table for the FSM in Figure 6.23.

Present Next state Output
state w = 0 w = 1 w = 0 w = 1

y Y Y z z

A 0 0 1 0 0
B 1 0 1 0 1

Figure 6.25 State-assigned table for the FSM in Figure 6.24.

Y = D = w

z = wy
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(b) Timing diagram

Figure 6.26 Implementation of the FSM in Figure 6.25.

in the timing diagram. By making this change, we effectively turn the Mealy-type circuit
into a Moore-type circuit with output Z . Note that the circuit in Figure 6.27 is essentially
the same as the circuit in Figure 6.17.

Example 6.4 In Example 6.1 we considered the control circuit needed to swap the contents of two regis-
ters, implemented as a Moore-type finite state machine. The same task can be achieved
using a Mealy-type FSM, as indicated in Figure 6.28. State A still serves as the reset state.
But as soon as w changes from 0 to 1, the output control signals R2out and R3in are asserted.
They remain asserted until the beginning of the next clock cycle, when the circuit will leave
state A and change to B. In state B the outputs R1out and R2in are asserted for both w = 0
and w = 1. Finally, in state C the swap is completed by asserting R3out and R1in.

The Mealy-type realization of the control circuit requires three states. This does not
necessarily imply a simpler circuit because two flip-flops are still needed to implement
the state variables. The most important difference in comparison with the Moore-type
realization is the timing of output signals. A circuit that implements the FSM in Figure 6.28
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Figure 6.27 Circuit that implements the specification in Figure 6.2.

generates the output control signals one clock cycle sooner than the circuits derived in
Examples 6.1 and 6.2.

Note also that using the FSM in Figure 6.28, the entire process of swapping the contents
of R1 and R2 takes three clock cycles, starting and finishing in state A. Using the Moore-type
FSM in Example 6.1, the swapping process involves four clock cycles before the circuit
returns to state A.

Suppose that we wish to implement this FSM using one-hot encoding. Then three
flip-flops are needed, and the states A, B, and C may be assigned the valuations y3y2y1 =
001, 010, and 100, respectively. Examining the state diagram in Figure 6.28, we can de-
rive the next-state equations by inspection. The input to flip-flop y1 should have the value
1 if the FSM is in state A and w = 0 or if the FSM is in state C; hence Y1 = wy1 + y3.
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Figure 6.28 State diagram for Example 6.4.

Flip-flop y2 should be set to 1 if the FSM is in state A and w = 1; hence Y2 = wy1. Flip-flop
y3 should be set to 1 if the present state is B; hence Y3 = y2. The derivation of the out-
put expressions, which we leave as an exercise for the reader, can also be done by inspection.

The preceding discussion deals with the basic principles involved in the design of
sequential circuits. Although it is essential to understand these principles, the manual
approach used in the examples is difficult and tedious when large circuits are involved. We
will now show how CAD tools are used to greatly simplify the design task.

6.4 Design of Finite State Machines Using CADTools

Sophisticated CAD tools are available for finite state machine design, and we introduce
them in this section. A rudimentary way of using CAD tools for FSM design could be
as follows: The designer employs the manual techniques described previously to derive a
circuit that contains flip-flops and logic gates from a state diagram. This circuit is entered
into the CAD system by drawing a schematic diagram or by writing structural hardware
description language (HDL) code. The designer then uses the CAD system to simulate the
behavior of the circuit and uses the CAD tools to automatically implement the circuit in a
chip, such as a PLD.

It is tedious to manually synthesize a circuit from a state diagram. Since CAD tools
are meant to obviate this type of task, more attractive ways of utilizing CAD tools for FSM
design have been developed. A better approach is to directly enter the state diagram into the
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