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Announcement

• No class this Wednesday (Remembrance Day)


• Assignment 4 will be released this week (instead of last week)

!



Overview

• Focus: Basic Information Retaining Blocks


• Architecture: Sequential Circuit


• Textbook v4: Ch5 5.3, 5.4; v5: Ch4 4.2 4.3


• Core Ideas:


1. Sequential Circuit Design Procedures



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

Definitions
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Combinational 

Circuit

n m
Inputs Outputs

Storage Unit

Statet + 1Statet

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
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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
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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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8 Step Design Procedures; Formulation



1. Specification


2. Formulation


3. Optimisation


4. Technology Mapping


5. Verification
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Systematic Design Procedures
Combinational Circuits

Specification

Formulation

Optimisation

Technology Mapping

Verification



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

Conc
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Systematic Design Procedures
Sequential Circuits

Specification

Formulation

Optimisation

Technology Mapping

Verification

TODAY’S FOCUS



0. Reset
• When the power was first turned on, the states in flip-flops are all unknown 

This requires resetting!


• Flip-Flops with Reset


•
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SEQUENTIAL CIRCUITS

mechanism must be provided to get the circuit from any unknown state into this
state. This mechanism is a reset or master reset signal. Regardless of all other inputs
applied to the circuit, the reset places the circuit in its initial state. In fact, the ini-
tial state is often called the reset state. The reset signal is usually activated automat-
ically when the circuit is powered up. In addition, it may be activated electronically
or by pushing a reset button. 

The reset may be asynchronous, taking place without clock triggering. In this
case, the reset is applied to the direct inputs on the circuit flip-flops. as shown in
Figure 19(a). This design assigns 00...0 to the initial state of the flip-flops to be
reset. If an initial state with a different code is desired, then the Reset signal can be
selectively connected to direct set inputs instead of direct reset inputs. It is impor-
tant to note that these inputs should not be used in the normal synchronous circuit
design process. Instead, they are reserved only for an asynchronous reset that
returns the system, of which the circuit is a component, to an initial state. Using
these direct inputs as a part of the synchronous circuit design violates the funda-
mental synchronous circuit definition, since it permits a flip-flop state to change
asynchronously within direct clock triggering. 

Alternatively, the reset may be synchronous and require a clock-triggering
event to occur. The reset must be incorporated into the synchronous design of the
circuit. A simple approach to synchronous reset for D flip-flops, without formally
including the reset bit in the input combinations, is to add the AND gate shown in
Figure 19(b) after doing the normal circuit design. This design also assigns 00 ... 0
to the initial state. If a different initial state code is desired, then OR gates with
Reset as an input can selectively replace the AND gates with inverted Reset. 

To illustrate the formulation process, two examples follow, each resulting in a
different style of state diagram. 

EXAMPLE 3 Finding a State Diagram for a Sequence Recognizer 

The first example is a circuit that recognizes the occurrence of a particular
sequence of bits, regardless of where it occurs in a longer sequence. This “sequence
recognizer” has one input X and one output Z. It has Reset applied to the direct
reset inputs on its flip-flops to initialize the state of the circuit to all zeros. The cir-
cuit is to recognize the occurrence of the sequence of bits 1101 on X by making Z

(a) Asynchronous Reset

Y

C

D

C

Reset

R

(b) Synchronous Reset

Y

C

Reset
D

C

FIGURE 19
Asynchronous and Synchronous Reset for D Flip-flops
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0. Reset

• In reality, all storage devices in a computer has a Reset mode for easy 
reseting to all 1s or all 0s


• e.g. C: memset( void* ptr, int value, size_t num); 
Fill blocks of memory
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1. Specification

• Same as combinational 
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2. Formulation
• Sometimes it is more intuitive to describe state transitions then defining the 

states
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01/1,10/1

01/1,10/1

00/0,11/0 00/1,11/1

C D

A B E F



2. Formulation
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• Incrementer: perform +1 operation every CLK on 3-bit

000 001 010 011

111 110 101 100



2. Formulation
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1

+ =

0

A=0 
B=0 
I=A

0First Input
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1

+ =

0

A=0 
B=0 
I=A

A=1 
B=0 
I=A

0 1

0

1
First Input
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1

+ =

0

A=0 
B=0 
I=A

A=1 
B=0 
I=A

A=1 
B=0 
I=+

+

0 1

0

1

…

After first input, press add
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1

+ =

0

A=0 
B=0 
I=A

A=1 
B=0 
I=A

A=1 
B=0 
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1
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• Simple 1-bit binary calculator


• Input: 0 button, 1 button, Add button, Equ button


• Storage: A, B: variables; I: operator
1
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I=A
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Next calculation
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YX Z

• Draw the state diagram of 3-bit incrementer/decrementer


• Input : 0 for increment, 1 for decrement


• Do the state table

X
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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
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YX Z
• Draw the state diagram of rotator


• Start state : original 4-bit


• Input : 
0 for left rotation (output ); 
1 for right rotation (output );


• Every CLK triggers a shift

X3X2X1X0

Y
X2X1X0X3

X0X3X2X1
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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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Standard Graphics Symbols for Latches and  Flip-  Flop
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YX Z• Draw the state diagram of rotator


• Start state : original 4-bit


• Input : 
0 for left rotation (output ); 
1 for right rotation (output );


• Every CLK triggers a shift


• Try to write down the equations for each flip-flop, treat  as 
constants. Implement in LogicWorks

X3X2X1X0

Y
X2X1X0X3

X0X3X2X1

Xi
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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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YX Z
• Implement  flip flop using  latch and  latch 

Save it as a component in your library


• Implement circuit , where  is a  flip flop


• Implement , , 


• Draw the state table and diagram, and verify your table with 
LogicWorks

D D SR

DS = X ⊕ Y ⊕ S DS D

DA = XA + XY DB = XB + XA Z = XB
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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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