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Sequential circuit 

A logic diagram is recognized as a clocked sequential circuit if it includes flip-flops with clock inputs. 

The flip-flops may be of any type, and the logic diagram may or may not include combinational logic 

gates. 

State Equation 

The behavior of a clocked sequential circuit can be described algebraically by means of state 

equations. A state equation (also called a transition equation) specifies the next state as a function 

of the present state and inputs. Consider the circuit below as an example 

 
Figure 1 

It consists of two  D  flip-flops  A  and  B,  an input  x  and an output  y . Since the D  input of a flip-

flop determines the value of the next state (i.e., the state reached after the clock transition), it is 

possible to write a set of state equations for the circuit:   

𝐴(𝑡 + 1)  =  𝐴(𝑡)𝑥(𝑡)  +  𝐵(𝑡)𝑥(𝑡) 

𝐵(𝑡 + 1)  =  𝐴’(𝑡)𝑥(𝑡 

A state equation is an algebraic expression that specifies the condition for a flip-flop state transition. 

The left side of the equation, with    (t + 1),    denotes the next state of the flip-flop one clock edge 

later. The right side of the equation is a Boolean expression that specifies the present state and input 

conditions that make the next state equal to 1. Since all the variables in the Boolean expressions are 

a function of the present state, we can omit the designation ( t ) after each variable for convenience 

and can express the state equations in the more compact form  

   𝐴 𝑡 + 1 =  𝐴𝑥 +  𝐵𝑥 

𝐵 𝑡 + 1 =  𝐴′𝑥     

 The Boolean expressions for the state equations can be derived directly from the gates that form 

the combinational circuit part of the sequential circuit, since the D values of the combinational 
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circuit determine the next state. Similarly, the present-state value of the output can be expressed 

algebraically as  

   𝑦(𝑡)  =  [𝐴(𝑡)  +  𝐵(𝑡)]𝑥′(𝑡)    

 By removing the symbol (t)  for the present state, we obtain the output Boolean equation:  

   𝑦 =  (𝐴 +  𝐵)𝑥′     

Where in time are inputs, outputs and states defined? 

 
Figure 2 

State Table 

The state table representation of a sequential circuit consists of three sections labelled present 

state, next state and output. The present state designates the state of flip-flops before the 

occurrence of a clock pulse. The next state shows the states of flip-flops after the clock pulse, and 

the output section lists the value of the output variables during the present state. 

From the viewpoint of truth table the inputs are the inputs and the present states and output is next 

state and outputs. 

The table below shows the state table for the circuit in figure 1. The table consists of four sections 

labeled  present state, input, next state,  and  output . The present-state section shows the states of 

flip-flops  A  and  B   at any given time  t . The input section gives a value of  x  for each possible 

present state. The next-state section shows the states of the flip-flops one clock cycle later, at time    

t + 1.    The output section gives the value of  y  at time  t  for each present state and input condition.   
Table 1 State table for circuit in figure 1 
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The derivation of a state table requires listing all possible binary combinations of present states and 

inputs. In this case, we have eight binary combinations from 000 to 111. The next-state values are 

then determined from the logic diagram or from the state equations. The next state of flip-flop A 

must satisfy the state equation  

𝐴(𝑡 +  1)  =  𝐴𝑥 +  𝐵𝑥 

The next-state section in the state table under column  A  has three 1’s where the present state of  A  

and input  x  are both equal to 1 or the present state of  B  and input  x   are  both equal to 1. 

Similarly, the next state of flip-flop B is derived from the state equation  

𝐵(𝑡 +  1)  =  𝐴′𝑥 

and is equal to 1 when the present state of  A  is 0 and input  x  is equal to 1. The output column is 

derived from the output equation  

𝑦 =  𝐴𝑥′ +  𝐵𝑥′ 

In general, a sequential circuit with m flip-flops and n inputs needs 2m + n rows in the state table. 

The binary numbers from 0 through 2m + n – 1 are listed under the present-state and input columns. 

The next-state section has m columns, one for each flip-flop. The binary values for the next state are 

derived directly from the state equations. The output section has as many columns as there are 

output variables. Its binary value is derived from the circuit or from the Boolean func-tion in the 

same manner as in a truth table. 

It is sometimes convenient to express the state table in a slightly different form having only three 

sections: present state, next state, and output. The input conditions are enumerated under the next-

state and output sections. The state table of Table 1 is repeated in Table 2 in this second form. For 

each present state, there are two possible next states and outputs, depending on the value of the 

input. One form may be prefer-able to the other, depending on the application.   
Table 2 Second form of the state table defined by circuit in figure 1 

 
State diagram 

The sequential circuit function can be represented in graphical form as a state diagram with the 

following components: 

• A circle with the state name in it for each state 

• A directed arc from the Present State to the Next State for each state transition.  

• A label on each directed arc with the Input values which causes the state transition, and 

• A label:  

 On each circle with the output value produced, or 

 On each directed arc with the output value produced. 

In a label two binary numbers are separated by a slash. On any of the two Label forms: 

• On circle with output included: 

 state/output 

 Moore type output depends only on state 
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• On directed arc with the output included: 

 input/output 

 Mealy type output depends on state and input 

 

For example the state diagram in figure 3 representing circuit in figure 1 and state table in table 1 

and 2, the directed line from state 00 to 01 is labeled 1/0, meaning that when the sequential circuit 

is in the present state 00 and the input is 1, the output is 0. After the next clock cycle, the circuit 

goes to the next state, 01. If the input changes to 0, then the output becomes 1, but if the input 

remains at 1, the output stays at 0. This information is obtained from the state diagram along the 

two directed lines emanating from the circle with state 01. A directed line connecting a circle with 

itself indicates that no change of state occurs. 

 
Figure 3 State diagram for circuit in figure 1 

The steps presented in this example are summarized below:  

 𝐶𝑖𝑟𝑐𝑢𝑖𝑡  𝑑𝑖𝑎𝑔𝑟𝑎𝑚 → 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  →  𝑆𝑡𝑎𝑡𝑒 𝑡𝑎𝑏𝑙𝑒 →   𝑆𝑡𝑎𝑡𝑒 𝑑𝑖𝑎𝑔𝑟𝑎𝑚 

 

Analysis with JK Flip-Flop 

Consider the following sequential circuit with JK flip-flop 

 
Figure 4 Sequential Circuit with JK flip-Flop 

The circuit can be specified by the flip-flop input equations 

𝐽𝐴 = 𝐵       𝐾𝑎 = 𝐵𝑥 ̅ 

𝐽𝐵 = �̅�         𝐾𝑏 = �̅�𝑥 + 𝐴�̅� = 𝐴 ⊕ 𝑥 
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The table below shows the state table for the circuit with JK flip-flop. The present-state and input 

columns list the eight binary combinations. The binary values listed under the columns labeled flip-

flop inputs are not part of the state table, but they are needed for the purpose of evaluating the 

next state as specified in step 2 of the procedure. These binary values are obtained directly from the 

four input equations in a manner similar to that for obtaining a truth table from a Boolean 

expression. The next state of each flip-flop is evaluated from the corresponding J and K inputs and 

the characteristic table of the JK flip-flop listed in previous lecture. There are four cases to consider. 

When    J = 1 and K = 0,    the next state is 1. When    J = 0     and     K = 1,    the next state is 0. When    

J = K = 0 , there is no change of state and the next-state value is the same as that of the present 

state.  When     J = K = 1,    the next-state bit is the complement of the present-state bit. Examples of 

the last two cases occur in the table when the present state AB is 10 and input x is 0.  JA  and  KA  are 

both equal to 0 and the present state of  A  is 1. Therefore, the next state of A  remains the same and 

is equal to 1. In the same row of the table, JB   and KB are both equal to 1. Since the present state of 

B is 0, the next state of B is complemented and changes to 1. 

The next-state values can also be obtained by evaluating the state equations from the characteristic 

equation. This is done by using the following procedure: 

1. Determine the flip-flop input equations in terms of the present state and input variables.   

2. Substitute the input equations into the flip-flop characteristic equation to obtain the state 

equations.   

3. Use the corresponding state equations to determine the next-state values in the state table.    

The characteristic equations for the flip-flops are obtained by substituting A  or  B  for the name of 

the flip-flop, instead of  Q :  

  𝐴(𝑡 +  1)  =  𝐽𝐴′ +  𝐾′𝐴 

 𝐵(𝑡 +  1)  =  𝐽𝐵′ +  𝐾′𝐵     

Substituting the values of JA and KA from the input equations, we obtain the state equation for A: 

𝐴(𝑡 +  1)  =  𝐵𝐴′ +  (𝐵𝑥′)′𝐴 =  𝐴′𝐵 +  𝐴𝐵′ + 𝐴𝑥 

The state equation provides the bit values for the column under next state of A in the state table. 

Similarly, the state equation for flip-flop B can be derived from the characteristic equation by 

substituting the values of JB and KB: 

𝐵(𝑡 +  1)  =  𝑥′𝐵′ +  (𝐴 ⊕ 𝑥)′𝐵 =  𝐵′𝑥′ +  𝐴𝐵𝑥 +  𝐴′𝐵𝑥′ 

 
Table 3 State table for sequential circuit with JK flip-flop 
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Figure 5 State diagram for the sequential circuit with JK flip-flop 

Analysis with T Flip-Flop 

Characteristic equation of T flip-flop is  

 𝑄(𝑡 +  1)  =  𝑇 ⊕ 𝑄 =  𝑇′𝑄 +  𝑇𝑄′     

Consider the sequential circuit with T flip-flop. It has two flip-flops  A  and  B,   one input  x,  and one 

output  y  and can be described algebraically by two input equations and an output equation:  

𝑇𝐴  =  𝐵𝑥 

 𝑇𝐵  =  𝑥 

 𝑦 =  𝐴𝐵    

 
Figure 6 Sequential circuit with T flip-flop (Binary counter) 

The state table for the circuit is listed in Table below. The values for y are obtained from the output 

equation. The values for the next state can be derived from the state equations by substituting TA 

and TB in the characteristic equations, yielding  

  𝐴(𝑡 +  1)  =  (𝐵𝑥)′𝐴 +  (𝐵𝑥)𝐴′ =  𝐴𝐵′ +  𝐴𝑥′ +  𝐴′𝐵𝑥 

 𝐵(𝑡 +  1)  =  𝑥 ⊕ 𝐵      
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The next-state values for A and B in the state table are obtained from the expressions of the two 

state equations.  

The state diagram of the circuit is shown in Fig. 6 (b). As long as input x is equal to 1, the circuit 

behaves as a binary counter with a sequence of states 00, 01, 10, 11, and back to 00. When     x = 0,    

the circuit remains in the same state. Output  y  is equal to 1 when the present state is 11. Here, the 

output depends on the present state only and is independent of the input. The two values inside 

each circle and separated by a slash are for the present state and output.   
Table 4 State table for sequential circuit with T flip-flop 

 
Analysis with D Flip-Flop 

The circuit we want to analyze is described by the input equation 

𝐷𝐴 = 𝐴 ⊕ 𝑥 ⊕ 𝑦 

The DA symbol implies a D flip-flop with output A. The x and y variables are the inputs to the circuit. 

No output equations are given, so the output is implied to come from the output of the flip-flop. 

 
Figure 7 Sequential circuit with D flip-flop 

The binary numbers under Axy are listed from 000 through 111. The next state values are obtained 

from the state equation 

The state diagram consists of two circles-one for each state 

 

 

 
 

Figure 8 State diagram and state table for sequential circuit with D flip-flop 

Present 
State 

Inputs Next 
state 

A X Y A 

0 0 0 0 
0 0 1 1 
0 1 0 1 
0 1 1 0 
1 0 0 1 
1 0 1 0 
1 1 0 0 
1 1 1 1 
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Equivalent State Definitions 

Two states are equivalent if their response for each possible input sequence is an identical output 

sequence. 

Alternatively, two states are equivalent if their outputs produced for each input symbol is identical 

and their next states for each input symbol are the same or equivalent. 

In the state diagram below, For states S3 and S2, the output for input 0 is 1 and input 1 is 0, and the 

next state for input 0 is S0 and for input 1 is S2.   By the alternative definition, states S3 and S2 are 

equivalent. 

 
Figure 9 Equivalent states S2 and S3 

Replacing S3 and S2 by a single state gives state diagram: 

 
Examining the new diagram, states S1 and S2 are equivalent since  

 their outputs for input 0 is 1 and input 1 is 0, and  

 their next state for input 0 is S0 and for input 1 is  S2, 

Replacing S1 and S2 by a single state gives state diagram: 

 
These techniques can be used for state reduction. 

Moore and Mealy Models 

Sequential Circuits or Sequential Machines are also called Finite State Machines (FSMs).   Two formal 

models exist: 
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Moore Model 

 Named after E.F. Moore  

 Outputs are a function ONLY of states 

 Usually specified on the states. 

 Moore Model state table maps state to outputs 

 
Figure 10 Block diagram of Moore State machine 

 
Figure 11 Moore model state diagram and state table 

In a Moore model, the outputs of the sequential circuit are synchronized with the clock, because 

they depend only on flip-flop outputs that are synchronized with the clock. 

Mealy Model 

 Named after G. Mealy 

 Outputs are a function of inputs AND states 

 Usually specified on the state transition arcs. 

 Mealy Model state table maps inputs and state to outputs 

 
Figure 12 Block diagram of Mealy state machine 

 
Figure 13 Mealy model state diagram 

The output of the Mealy machine is the value that is present immediately before the active edge of 

the clock.    
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Mixed Moore and Mealy Outputs 

In real designs, some outputs may be Moore type and other outputs may be Mealy type. 

The previous example can be modified for this 

 
Figure 14 Mixed moore and mealy outputs 

Here, state 00: Moore and States 01, 10, and 11: Mealy. Using this technique can simplify output 

specification. 

Example: Sequential Circuit Analysis (Try yourself first) 

Logic diagram: 

 

 Variables 

• Inputs: None 

• Outputs: Z 

• State Variables: A, B, C 

 Initialization: Reset to (0,0,0) 

 Equations 

• A(t+1) =                        Z = 

• B(t+1) =  

• C(t+1) = 

State  table: 

X’ = X(t+1) 

 

State diagram: 

 
Which states are used? 

What is the function of the circuit? 

<Answer> %[Answers are really given under this] 

A(t+1) = BC 

B(t+1) = B’C + BC’ 

C(t+1) = A’C’ 

Z = A 

A’B’C’:  0  0  1,  0  1  0,  0  1  1,  1  0  0, 0  0  0,  0  1  0, 0  1  0, 1  0  0 

 Z:               0           0           0           0         1          1          1         1 

Only states reachable from the reset state 000 are used: 000, 001, 010, 011, and 100. 

The circuit produces a 1 on Z after four clock periods and every five clock periods thereafter: 

000 -> 001 -> 010 -> 011 -> 100 -> 000 -> 001 -> 010 -> 011 -> 100 …  

                                                   1                                                           1 

</Answer> 
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State reduction 

The reduction in the number of flip-flops in a sequential circuit is referred to as the state-reduction 

problem. State-reduction algorithms are concerned with procedures for reducing the number of 

states in a state table, while keeping the external input–output requirements unchanged. Since m 

flip-flops produce 2m states, a reduction in the number of states may (or may not) result in a 

reduction in the number of flip-flops. An unpredictable effect in reducing the number of flip-flops is 

that sometimes the equivalent circuit (with fewer flip-flops) may require more combinational gates 

to realize its next state and output logic. 

Consider the sequential circuit specification given the the state diagram in the figure below. 

 
Figure 15 State diagram for circuit specification for state reduction 

There are an infinite number of input sequences that may be applied to the circuit; each results in a 

unique output sequence. As an example, consider the input sequence 01010110100 starting from 

the initial state  a . Each input of 0 or 1 produces an output of 0 or 1 and causes the circuit to go to 

the next state. From the state diagram, we obtain the output and state sequence for the given input 

sequence as follows: With the circuit in initial state a, an input of 0 produces an output of 0 and the 

circuit remains in state a. With present state a and an input of 1, the output is 0 and the next state is  

b .  With present state b and an input of 0, the output is 0 and the next state is c. continuing this 

process, we find the complete sequence to be as follows:    

 
We now proceed to reduce the number of states for this example. First, we need the state table; it is 

more convenient to apply procedures for state reduction using a table rather than a diagram. The 

state table of the circuit is listed in Table below and is obtained directly from the state diagram. 
Table 5 state table 
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States g and e are two such states: they both go to states a and f and have outputs of 0 and 1 for x=0 

and x=1, respectively. Therefore, states g and e are equivalent and one of these states can be 

removed. The procedure of removing a state and replacing it by its equivalent is demonstrated in 

Table 6. The row with present g is removed and state g is replaced by state e each time it occurs in 

the next-state columns. 
Table 6 Reducing the state table 

 
Present state f now has next states e and f and outputs 0 and 1 for x=0 and x=1, respectively. The 

same next states and outputs appear in the row with present state d. Therefore, states f and d are 

equivalent and state f can be removed and replaced by d. The final reduced table is shown in Table 

7. The state diagram for the reduced table consists of only five states as demonstrated in the figure 

15.   
Table 7 Reduced state table 

 

 
Figure 16 Reduced state diagram 

The input output sequence drawn from the reduced state diagram is as follows. 

 
This matches the original input output sequence 
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State assignment 

In order to design sequential circuit with physical components, it is necessary to assign unique coded 

binary values to the states. For a circuit with m states, the codes must contain n bits where 2𝑛 ≤ 𝑚. 

For example, with three bits, it is possible to assign codes to eight states, denoted by the binary 

numbers 000 through 111. If the state table of table 5 is used, we will need to assign codes to 7 

states and 1 code will be unused. If we use the state able of table 7, then 3 codes will be unused with 

assignment to 5 states.  

The simplest way to code five states is to use the first five integers in binary counting order, as 

shown in the first assignment of table 8. Another similar assignment is the Gray code shown in 

assignment 2. Here, only one bit in the code group changes when going from one number to the 

next. This code makes it easier for the Boolean functions to be placed in the map for simplification. 

Another possible assignment often used in the design of state machines to control data-path units is 

the one-hot assignment. This configuration uses as many bits as there are states in the circuit. At any 

given time, only one bit is equal to 1 while all others are kept at 0. This type of assignment uses one 

flip-flop per state, which is not an issue for register-rich field-programmable gate arrays. One-hot 

encoding usually leads to simpler decoding logic for the next state and output.  One-hot machines 

can be faster than machines with sequential binary encoding, and the silicon area required by the 

extra flip-flops can be offset by the area saved by using simpler decoding logic. This trade-off is not 

guaranteed, so it must be evaluated for a given design.    
Table 8 Three Possible Binary State Assignments 

 
Table 9 is the reduced state table with binary assignment 1 substituted for the letter symbols of the 

states. A different assignment will result in a state table with different binary values for the states. 

The binary form of the state table is used to derive the next-state and output forming combinational 

logic part of the sequential circuit. The complexity of the combinational circuit depends on the 

binary state assignment chosen.  

 Sometimes, the name transition table is used for a state table with a binary assignment. This 

convention distinguishes it from a state table with symbolic names for the states. In this book, we 

use the same name for both types of state tables.   
Table 9  Reduced State Table with Binary Assignment 1 

 
 



NEUB CSE 221 Lecture 9: Sequential Circuits I 

Prepared BY 
Shahadat Hussain Parvez  

P
ag

e1
4

 

Summary of Flip flops 

 
Flip-Flop Behavior example 

 

 
Figure 17 Flip-Flop behavior example 
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State diagram of different flip-flops 

NAME STATE DIAGRAM 

SR 

 

JK 

 

D 

 

T 

 

 

Comparison of flip-flops 

JK flip-flops are good because there are many don’t care values in the flip-flop inputs, which can lead 

to a simpler circuit. 

D flip-flops have the advantage that you don’t have to set up flip-flop inputs at all, since Q(t+1) = D. 

However, the D input equations are usually more complex than JK input equations 

In practice, D flip-flops are used more often. 

– There is only one input for each flip-flop, not two. 

– There are no excitation tables to worry about. 

– D flip-flops can be implemented with slightly less hardware than JK flip-flops. 

 

 

1. What is the basic difference between SR and D flip-flop? 

2. Design JK, D and T flip flop using SR flip flop and logic gates. Also explain their operation. 

3. Design JK, D, T and SR flip-flop using  

a. Common logic gates. 

b. NAND gates 

c. NOR gates 

4. Mano 5th edition questions, 5.6, 5.9, 5.10, 5.12, 5.19,  
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Reading Materials 
1. Digital Design by M. Morris Mano and Michael D. Ciletti, 5th Edition 

a. Chapter 5 

2. Digital Logic and Computer Design by M. Morris Mano 

3. Digital Systems : Principles and Applications by Ronald J. Tocci, Neal S. Widmer, Gregory 

L. Moss, 10th Edition. 

4. Logic and Computer Design Fundamentals by M. Morris Mano and Charles Kime, 4th 

Edition 

 

 


