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Overview
• Focus: Basic Information Retaining Blocks


• Architecture: Sequential Circuit


• Textbook v4: Ch5; v5: Ch4


• Core Ideas:


1. What we’ve learned in Sequential Circuit


2. How to apply sequential circuit design in real life?
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Sequential circuits and How to Design 'em
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1. Storage Elements 
circuits that can store binary information


2. State  
partial results, instructions, etc.


3. Synchronous Sequential Circuit 
Signals arrive at discrete instants of time, 
outputs at next time step


4. Asynchronous Sequential Circuit  
Signals arrive at any instant of time, 
outputs when ready
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3. Synchronous Sequential Circuit  
Signals arrive at discrete instants of time, 
outputs at next time step


• Has Clock


4. Asynchronous Sequential Circuit  
Signals arrive at any instant of time, 
outputs when ready


• May not have Clock
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Clock

200          CHAPTER 4 /  SEQUENTIAL CIRCUITS

the clock pulses are applied with other signals that specify the required change in the 
storage elements. The outputs of storage elements can change their value only in the 
presence of clock pulses. Synchronous sequential circuits that use clock pulses as 
inputs for storage elements are called clocked sequential circuits. These are the types 
of circuits most frequently encountered in practice, since they operate correctly in 
spite of wide differences in circuit delays and are relatively easy to design.

The storage elements used in the simplest form of clocked sequential circuits 
are called  !ip-  !ops. For simplicity, assume circuits with a single clock signal. A 
 !ip-  !op is a binary storage device capable of storing one bit of information and hav-
ing timing characteristics to be de"ned in Section 4-9. The block diagram of a syn-
chronous clocked sequential circuit is shown in Figure 4-3. The  !ip-  !ops receive their 
inputs from the combinational circuit and also from a clock signal with pulses that 
occur at "xed intervals of time, as shown in the timing diagram. The  !ip-  !ops can 
change state only in response to a clock pulse. For a synchronous operation, when a 
clock pulse is absent, the  !ip-  !op outputs cannot change even if the outputs of the 
combinational circuit driving their inputs change in value. Thus, the feedback loops 
shown in the "gure between the combinational logic and the  !ip-  !ops are broken. 
As a result, a transition from one state to the other occurs only at "xed time intervals 
dictated by the clock pulses, giving synchronous operation. The sequential circuit 
outputs are shown as outputs of the combinational circuit. This is valid even when 
some sequential circuit outputs are actually the  !ip-  !op outputs. In this case, the 
combinational circuit part between the  !ip-  !op outputs and the sequential circuit 
outputs consists of connections only.

A  !ip-  !op has one or two outputs, one for the normal value of the bit stored 
and an optional one for the complemented value of the bit stored. Binary informa-
tion can enter a  !ip-  !op in a variety of ways, a fact that gives rise to different types of 
 !ip-  !ops. Our focus will be on the most prevalent type used today, the D  !ip-  !op. 
Other  !ip-  !op types, such as the JK and T  !ip-  !ops, are described in the online mate-
rial available at the Companion Website. In preparation for studying  !ip-  !ops and 
their operation, necessary groundwork is presented in the next section on latches, 
from which the  !ip-  !ops are constructed.

(b) Timing diagram of clock pulses 

(a) Block diagram

Inputs Combinational
circuit

Clock pulses

Outputs

Flip-flops

 FIGURE 4-3
Synchronous Clocked Sequential Circuit
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When the positive edge occurs, the clock input changes to 1. This disables the master 
latch so that its value is !xed and enables the slave latch so that it copies the state of 
the master latch. The state of the master latch to be copied is the state that is present 
at the positive edge of the clock. Thus, the behavior appears to be edge triggered. 
With the clock input equal to 1, the master latch is disabled and cannot change, so 
the state of both the master and the slave remain unchanged. Finally, when the clock 
input changes from 1 to 0, the master is enabled and begins following the D value. 
But during the 1- to-  0 transition, the slave is disabled before any change in the master 
can reach it. Thus, the value stored in the slave remains unchanged during this 
 transition. An alternative implementation that requires fewer gates is given in 
 Problem 4-3 at the end of the chapter.

Standard Graphics Symbols

The standard graphics symbols for the different types of latches and  "ip-  "ops are 
shown in Figure 4-11. A  "ip-  "op or latch is designated by a rectangular block with 
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 FIGURE 4-11
Standard Graphics Symbols for Latches and  Flip-  Flop

M04_MANO0637_05_SE_C04.indd   207 23/01/15   1:54 PM

Latches

4-3 / Flip-Flops      207

When the positive edge occurs, the clock input changes to 1. This disables the master 
latch so that its value is !xed and enables the slave latch so that it copies the state of 
the master latch. The state of the master latch to be copied is the state that is present 
at the positive edge of the clock. Thus, the behavior appears to be edge triggered. 
With the clock input equal to 1, the master latch is disabled and cannot change, so 
the state of both the master and the slave remain unchanged. Finally, when the clock 
input changes from 1 to 0, the master is enabled and begins following the D value. 
But during the 1- to-  0 transition, the slave is disabled before any change in the master 
can reach it. Thus, the value stored in the slave remains unchanged during this 
 transition. An alternative implementation that requires fewer gates is given in 
 Problem 4-3 at the end of the chapter.

Standard Graphics Symbols

The standard graphics symbols for the different types of latches and  "ip-  "ops are 
shown in Figure 4-11. A  "ip-  "op or latch is designated by a rectangular block with 

(a) Latches

S

R

SR SR

S

R

D with 0 Control

D

C

D with 1 Control

D

C

(b) Master–slave flip-flops

D

C

Triggered DTriggered SR

S

R

C

D

C

Triggered DTriggered SR

S

R

C

(c) Edge-triggered flip-flops

Triggered D

D

C

Triggered D

D

C

 FIGURE 4-11
Standard Graphics Symbols for Latches and  Flip-  Flop

M04_MANO0637_05_SE_C04.indd   207 23/01/15   1:54 PM

4-3 / Flip-Flops      207

When the positive edge occurs, the clock input changes to 1. This disables the master 
latch so that its value is !xed and enables the slave latch so that it copies the state of 
the master latch. The state of the master latch to be copied is the state that is present 
at the positive edge of the clock. Thus, the behavior appears to be edge triggered. 
With the clock input equal to 1, the master latch is disabled and cannot change, so 
the state of both the master and the slave remain unchanged. Finally, when the clock 
input changes from 1 to 0, the master is enabled and begins following the D value. 
But during the 1- to-  0 transition, the slave is disabled before any change in the master 
can reach it. Thus, the value stored in the slave remains unchanged during this 
 transition. An alternative implementation that requires fewer gates is given in 
 Problem 4-3 at the end of the chapter.

Standard Graphics Symbols

The standard graphics symbols for the different types of latches and  "ip-  "ops are 
shown in Figure 4-11. A  "ip-  "op or latch is designated by a rectangular block with 

(a) Latches

S

R

SR SR

S

R

D with 0 Control

D

C

D with 1 Control

D

C

(b) Master–slave flip-flops

D

C

Triggered DTriggered SR

S

R

C

D

C

Triggered DTriggered SR

S

R

C

(c) Edge-triggered flip-flops

Triggered D

D

C

Triggered D

D

C

 FIGURE 4-11
Standard Graphics Symbols for Latches and  Flip-  Flop

M04_MANO0637_05_SE_C04.indd   207 23/01/15   1:54 PM



Systematic Design Procedures 
Sequential Circuits

1. Specification


2. Formulation 
e.g. using state table or state diagram


3. State Assignment: assign binary codes to states


4. Flip-Flop Input Equation Determination: Select flip-flop types, derive input equations from next-state 
entries


5. Output Equation Determination: Derive output equations from the output entries


6. Optimisation


7. Technology Mapping


8. Verification
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2. Formulation: State Diagram (Mealy) & State Machine Diagram (Moore) 
Modelling State Transitions; TC & OC


2. Formulation: State Table 
Equivalent truth table: Input (Present State, Input); Output (Next State, 
Output)


3. State Assignment 
Sequential indexing ( , , , , …); 
One-Hot states        ( , , , , …);

0...0000 0...0001 0...0010 0...0011
0...0001 0...0010 0...0100 0...1000
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Systematic Design Procedures 
Sequential Circuits



4. Flip-Flop Input Equation Determination 

• Determine next state inputs by considering flip-flop types  
e.g.  flip-flop easiest


• Derive input equations from next-state entries in State Table 
e.g. using Sum-of-Minterms


5. Output Equation Determination 

• Derive output equations from the output entries in State Table

D
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Systematic Design Procedures 
Sequential Circuits
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SEQUENTIAL CIRCUITS

interested student, state-minimization procedures are found in Reference 1 at the
end of the chapter as well as in many other logic design texts. 

The next example illustrates an additional method for avoiding extra states
by recognizing potential state equivalence during the design process.

EXAMPLE 4 Finding a State Diagram for a BCD–to–Excess-3 Decoder

Consider a BCD–to–excess-3 decoder where the inputs, rather than being pre-
sented to the circuit simultaneously, are presented serially in successive clock
cycles, least significant bit first. In Table 4(a), the input sequences and correspond-
ing output sequences are listed with the least significant bit first. For example,

TABLE 3
State Table for State Diagram in Figure 20

Present 
State

Next State Output Z

X ! 0 X ! 1 X ! 0 X ! 1

A
B
C
D

A
A
D
A

B
C
C
B

0
0
0
0

0
0
0
1

TABLE 4
Sequence Tables for Code-Converter Example

(a) Sequences in Order of
Digits Represented

(b) Sequences in Order of
Common Prefixes

BCD Input Excess-3 Output BCD Input Excess-3 Output

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

0
1
0
1
0
1
0
1
0
1

0
0
1
1
0
0
1
1
0
0

0
0
0
0
1
1
1
1
0
0

0
0
0
0
0
0
0
0
1
1

1
0
1
0
1
0
1
0
1
0

1
0
0
1
1
0
0
1
1
0

0
1
1
1
1
0
0
0
0
1

0
0
0
0
0
1
1
1
1
1

0
0
0
0
0
1
1
1
1
1

0
0
0
1
1
0
0
0
1
1

0
0
1
0
1
0
0
1
0
1

0
1
0
0
0
0
1
0
0
0

1
1
1
1
1
0
0
0
0
0

1
1
1
0
0
0
0
0
1
1

0
0
1
1
0
1
1
0
1
0

0
1
0
0
1
0
1
1
0
1

���

00
01
10
11

00
00
11
00

10
10
01

01

 for next state

 for present

D1D0
S1S0

D1D0

S1S0

0
0
0
0

0
0
0
1

Z

4. Flip-Flop Input Equation Determination 

5. Output Equation Determination



Systematic Design Procedures 
Sequential Circuits

Rev
iew

P1 
Design

00
01
10
11

00
00
11
00

10
10
01

01

 for next state

 for present

D1D0
S1S0

D1D0S1S0

0
0
0
0
0
0
0
1

Z

00
01
10
11

X
0
0
0
0
1
1
1
1

D1 = F1(X, S1, S0) = Σm(2,5,6)

D0 = F0(X, S1, S0) = Σm(2,4,7)

Z = m7

4. Flip-Flop Input Equation Determination 

5. Output Equation Determination
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The three input equations for the D  !ip-  !ops are derived from the  next-  state 
values and are simpli"ed in the maps of Figure 4-23. Each map has six don’ t-  care 
minterms in the squares corresponding to binary 0, 1, 12, 13, 14, and 15. The opti-
mized equations are

 DA = AX + BX + B C

 DB = A C X + A BX

 DC = X

The logic diagram can be obtained directly from the input equations and will not be 
drawn here.

It is possible that outside interference or a malfunction will cause the circuit to 
enter one of the unused states. Thus, it is sometimes desirable to specify, fully or at least 

 TABLE 4-7
State Table for Designing with Unused States

Present State Input Next State

A B C X A B C

0 0 1 0 0 0 1
0 0 1 1 0 1 0
0 1 0 0 0 1 1
0 1 0 1 1 0 0
0 1 1 0 0 0 1
0 1 1 1 1 0 0
1 0 0 0 1 0 1
1 0 0 1 1 0 0
1 0 1 0 0 0 1
1 0 1 1 1 0 0
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 FIGURE 4-23
Maps for Optimizing Input Equations
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DA = Σm(5,7,8,9,11)
DB = Σm(3,4)
DC = Σm(2,4,6,8,10)
d = Σm(0,1,12,13,14,15)

• In this example 
, , , , ,  

are unused, and can all be don’t care conditions
m0 m1 m12 m13 m14 m15

6. Optimisation 
Unused states can be implemented as don’t care conditions
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DA = Σm(5,7,8,9,11)
DB = Σm(3,4)
DC = Σm(2,4,6,8,10)
d = Σm(0,1,12,13,14,15)

SEQUENTIAL CIRCUITS

and input columns: 0000, 0001, 1100, 1101, 1110, and 1111. These six combinations
are not listed in the state table and hence may be treated as don’t-care minterms.

The three input equations for the D flip-flops are derived from the next-state
values and are simplified in the maps of Figure 25. Each map has six don’t-care
minterms in the squares corresponding to binary 0, 1, 12, 13, 14, and 15. The opti-
mized equations are

 !

 !  

 !  

The logic diagram can be obtained directly from the input equations and will not
be drawn here.

It is possible that outside interference or a malfunction will cause the circuit
to enter one of the unused states. Thus, it is sometimes desirable to specify, fully
or at least partially, the next-state values or the output values for the unused
states. Depending on the function and application of the circuit, a number of
ideas may be applied. First, the outputs for the unused states may be specified so
that any actions that result from entry into and transitions between the unused
states are not harmful. Second, an additional output may be provided or an
unused output code employed which indicates that the circuit has entered an
incorrect state. Third, to ensure that a return to normal operation is possible with-
out resetting the entire system, the next-state behavior for the unused states may
be specified. Typically, next states are selected such that one of the normally occur-
ring states is reached within a few clock cycles, regardless of the input values. The
decision as to which of the three options to apply, either individually or in combi-
nation, is based on the application of the circuit or the policies of a particular
design group. 
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FIGURE 25
Maps for Optimizing Input Equations
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6. Optimisation 
Unused states can be implemented as don’t care conditions
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Specification

• Input: 1-bit 


• Output: 10-bits,  … .  indicates current number is . 
All 0 for invalid or incomplete input. Outputs every 4 CLKs.


• e.g. Input sequence: 0; 0; 0; 1;            0; 1; 0; 0;          1; 1; 1; 1; 
Output:                      0; 0; 0; ; 0; 0; 0; ; 0; 0; 0; 0;

X

D0 D9 Di i

D1 = 1 D4 = 1
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Textbook Examples in 5.7 (v4); 4.6 (v5)


