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Design Procedure 

Design procedures or methodologies specify hardware that will implement a desired behavior. The 

design effort for small circuits may be manual, but industry relies on automated synthesis tools for 

designing massive integrated circuits. The sequential building block used by synthesis tools is the D 

flip-flop. Together with additional logic, it can implement the behavior of JK and T flip-flops. In fact, 

designers generally do not concern themselves with the type of flip-flop; rather, their focus is on 

correctly describing the sequential functionality that is to be implemented by the synthesis tool. This 

lesson discusses about manual methods using D, JK, and T flip-flops. 

The procedure for designing synchronous sequential circuits can be summarized by a list of 

recommended steps: 

1. From the word description and specifications of the desired operation, derive a state 

diagram for the circuit.   

2. Reduce the number of states if necessary.   

3. Assign binary values to the states.   

4. Obtain the binary-coded state table.   

5. Choose the type of flip-flops to be used.   

6. Derive the simplified flip-flop input equations and output equations.   

7. Draw the logic diagram.    

Suppose we wish to design a circuit that detects a sequence of three or more consecutive 1’s in a 

string of bits coming through an input line (i.e., the input is a  serial bit  stream ). The state diagram 

for this type of circuit is shown in Figure below   . It is derived by starting with state S0, the reset 

state. If the input is 0, the circuit stays in S0, but if the input is 1, it goes to state S1 to indicate that a 1 

was detected. If the next input is 1, the change is to state S2 to indicate the arrival of two 

consecutive 1’s, but if the input is 0, the state goes back to S0. The third consecutive 1 sends the 

circuit to state S3. If more 1’s are detected, the circuit stays in S3. Any 0 input sends the circuit back 

to S0. In this way, the circuit stays in S3 as long as there are three or more consecutive 1’s received. 

This is a Moore model sequential circuit, since the output is 1 when the circuit is in state S3 and is 0 

otherwise. 

 
Figure 1 State diagram for sequence detector 

Synthesis using D Flip-Flops 

The table 1is derived from the state diagram of Fig. 1 with a sequential binary assignment. We 

choose two D flip-flops to represent the four states, and we label their outputs  A  and  B . There is 

one input x and one output y. The characteristic equation of the D flip-flop is Q(t + 1) = DQ, which 

means that the next-state values in the state table specify the  D  input condition for the flip-flop. 

The flip-flop input equations can be obtained directly from the next-state columns of  A  and  B  and 

expressed in sum-of-minterms form as 
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Table 1 State Table for sequence detector 

 

  𝐴 𝑡 +  1 =  𝐷𝐴 𝐴,𝐵, 𝑥 =   (3, 5, 7) 

 𝐵(𝑡 +  1)  =  𝐷𝐵(𝐴, 𝐵, 𝑥)  =   (1, 5, 7) 

 𝑦(𝐴, 𝐵, 𝑥)  =    (6, 7)   

where A and B are the present-state values of flip-flops A and B, x is the input, and DA and DB are the 

input equations. The minterms for output y are obtained from the output column in the state table. 

The Boolean equations are simplified by means of the maps as in figure 2 and the simplified eqn are: 

  𝐷𝐴  =  𝐴𝑥 +  𝐵𝑥 

 𝐷𝐵  =  𝐴𝑥 +  𝐵′𝑥 

 𝑦 =  𝐴𝐵    

 
Figure 2 K-Maps for sequence detector 

The advantage of designing with  D  flip-flops is that the Boolean equations describing the inputs to 

the flip-flops can be obtained directly from the state table. THe schematic of the implementation is 

shown in figure below 

 
Figure 3 Logic diagram for Moore type sequence detector 
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Excitation Tables 

The design of a sequential circuit with flip-flops other than the D type is complicated by the fact that 

the input equations for the circuit must be derived indirectly from the state table. When D -type flip-

flops are employed, the input equations are obtained directly from the next state. This is not the 

case for the JK and T types of flip-flops. In order to determine the input equations for these flip-

flops, it is necessary to derive a functional relationship between the state table and the input 

equations. 

The flip-flop characteristic tables presented in Table   2    provide the value of the next state when 

the inputs and the present state are known. These tables are useful or analyzing sequential circuits 

and for defining the operation of the flip-flops. During the design process, we usually know the 

transition from the present state to the next state and wish to find the flip-flop input conditions that 

will cause the required transition. For this reason, we need a table that lists the required inputs for a 

given change of state. Such a table is called an excitation table. 
Table 2 Flip-Flop CharacteristicTable 

 
Table 3 shows the excitation tables for the two flip-flops (JK and T). Each table has a column for the 

present state  Q ( t ), a column for the next state    Q(t + 1),     and  a column for each input to show 

how the required transition is achieved. There are four possible transitions from the present state to 

the next state. The required input conditions for each of the four transitions are derived from the 

information available in the characteristic table. The symbol X in the tables represents a don’t-care 

condition, which means that it does not matter whether the input is 1 or 0. 
Table 3 Flip-Flop Excitation table 

 
The excitation table for the JK flip-flop is shown in part (a). When both present state and next state 

are 0, the J input must remain at 0 and the K input can be either 0 or 1. Similarly, when both present 

state and next state are 1, the K input must remain at 0, while the J input can be 0 or 1. If the flip-

flop is to have a transition from the 0-state to the 1-state, J must be equal to 1, since the J input sets 

the flip-flop. However, input K may be either 0 or 1. If K = 0, the J = 1 condition sets the flip-flop as 

required; if K = 1 and J = 1, the flip-flop is complemented and goes from the 0-state to the 1-state as 

required. Therefore, the K input is marked with a don’t-care condition for the 0-to-1 transition. For a 

transition from the 1-state to the 0-state, we must have K = 1, since the K input clears the flip-flop. 

However, the J input may be either 0 or 1, since J = 0 has no effect and J = 1 together with K = 1    

complements the flip-flop with a resultant transition from the 1-state to the 0-state.  

The excitation table for the T flip-flop is shown in part (b). From the characteristic table, we find that 

when input T = 1, the state of the flip-flop is complemented, and when T = 0, the state of the flip-flop 

remains unchanged. Therefore, when the state of the flip-flop must remain the same, the 

requirement is that T = 0. When the state of the flip-flop has to be complemented, T must equal 1.   
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Synthesis Using JK Flip-Flops 

Similar to Synthesis with D flip-flop except that the equations must be evaluated from the present 

and next state derived from the excitation table. To illustrate the procedure, we will synthesize the 

sequential circuit specified by Table 4. 
Table 4 State Table and JK Flip-Flop Inputs 

 
In addition to having columns for the present state, input, and next state, as in a conventional state 

table, the table shows the flip-flop input conditions from which the input equations are derived. The 

flip-flop inputs are derived from the state table in conjunction with the excitation table for the JK 

flip-flop. For example, in the first row of Table 4, we have a transition for flip-flop A from 0 in the 

present state to 0 in the next state. In Table 3, for the  JK  flip-flop, we find that a transition of states 

from present state 0 to next state 0 requires that input  J  be 0 and input  K  be a don’t-care. So 0 and 

X are entered in the first row under JA and KA, respectively. Since the first row also shows a transition 

for flip-flop B from 0 in the present state to 0 in the next state, 0 and X are inserted into the first row 

under JB and KB, respectively. The second row of the table shows a transition for flip-flop B from 0 in 

the present state to 1 in the next state. From the excitation table, we find that a transition from 0 to 

1 requires that J be 1 and K be a don’t-care, so 1 and X are copied into the second row under JB     

and KB, respectively. The process is continued for each row in the table and for each flip-flop, with 

the input conditions from the excitation table copied into the proper row of the particular flip-flop 

being considered.   

 
Figure 4 Maps for J and K input equations 
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The flip-flop inputs in Table 4 specify the truth table for the input equations as a function of present 

state  A,  present state  B,  and input  x . The input equations are simplified in the maps of Fig. 4. The 

next-state values are not used during the simplification, since the input equations are a function of 

the present state and the input only. Note the advantage of using JK -type flip-flops when sequential 

circuits are designed manually. The fact that there are so many don’t-care entries indicates that the 

combinational circuit for the input equations is likely to be simpler, because don’t-care minterms 

usually help in obtaining simpler expressions. If there are unused states in the state table, there will 

be additional don’t-care conditions in the map. Nonetheless, D-type flip-flops are more amenable to 

an automated design flow. 

The schematic of the implementation is shown in the figure below. 

 
Figure 5  Logic diagram for sequential circuit with JK flip-flops   

A slightly fancier counter 

Let’s design a two-bit counter: 

 The counter outputs will be 00, 01, 10 and 11. 

 Now, there is a single input, X. When X=0, the counter value should increment on each clock 

cycle. But when X=1, the value should decrement on successive cycles. 

We’ll need two flip-flops. Here are the four possible states with completed diagram and state table: 

 
Figure 6 State diagram and state table for a 2-bit counter 

If we use D flip-flops, then the D inputs will just be the same as the desired next states. 

Equations for the D flip-flop inputs are as follows. 

𝐷1 =  (1,2,4,7)
𝑚

 

𝐷0 =  (0,1,4,5)
𝑚
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The maps for the equations are shown below 

 
Figure 7 

Synthesis using T Flip-Flop 

An n-bit binary counter consists of n flip-flops that can count in binary from 0 to 2n-1. The state 

diagram of a 3-bit counter is: 

 
Figure 8 State diagram of three-bit binary counter 

As seen from the binary states indicated inside the circles, the flip-flop outputs repeat the binary 

count sequence with a return to 000 after 111. The directed lines between circles are not marked 

with input and output values as in other state diagrams. Remember that state transitions in clocked 

sequential circuits are initiated by a clock edge; the flip-flops remain in their present states if no 

clock is applied. For that reason, the clock does not appear explicitly as an input variable in a state 

diagram or state table. From this point of view, the state diagram of a counter does not have to 

show input and output values along the directed lines. The only input to the circuit is the clock, and 

the outputs are specified by the present state of the flip-flops. The next state of a counter depends 

entirely on its present state, and the state transition occurs every time the clock goes through a 

transition.     

The table below shows the state table for three-bit counter 
Table 5 State Table for Three-Bit Counter 
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The three flip-flops are symbolized by A2, A1, and A0. Binary counters are constructed most efficiently 

with T flip-flops because of their complement property. The flip-flop excitation for the T inputs is 

derived from the excitation table of the T flip-flop and by inspection of the state transition of the 

present state to the next state. As an illustration, consider the flip-flop input entries for row 001. The 

present state here is 001 and the next state is 010, which is the next count in the sequence. 

Comparing these two counts, we note that A2 goes from 0 to 0, so TA2 is marked with 0 because flip-

flop A2 must not change when a clock occurs.  Also, A1 goes from 0 to 1, so TA1 is marked with a 1 

because this flip-flop must be complemented in the next clock edge. Similarly, A0 goes from 1 to 0, 

indicating that it must be complemented, so TA0 is marked with a 1. The last row, with present state 

111, is compared with the first count 000, which is its next state. Going from all 1’s to all 0’s requires 

that all three flip-flops be complemented.         

The flip-flop input equations are simplified in the maps of Fig. 9. Note that TA0 has 1’s in all eight 

minterms because the least significant bit of the counter is complemented with each count. A 

Boolean function that includes all minterms defines a constant value of 1. The input equations listed 

under each map specify the combinational part of the counter. Including these functions with the 

three flip-flops, we obtain. 

 
Figure 9 Maps for three-bit binary counter 

The figure below shows the logic diagram for three-bit binary counter.  For simplicity, the reset 

signal is not shown, but be aware that every design should include a reset signal.    

 
Figure 10 Logic diagram of three-bit binary counter 

Summary of Sequential Circuit design procedure 

The basic sequential circuit design procedure: 

– Make a state table and, if desired, a state diagram. This step is usually the hardest. 

– Assign binary codes to the states if you didn’t already. 

– Use the present states, next states, and flip-flop excitation tables to find the flip-flop input 

values. 

– Write simplified equations for the flip-flop inputs and outputs and build the circuit. 
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Application of flip-flops 

Frequency Division  

When a pulse waveform is applied to the clock input of a J-K flip-flop that is connected to toggle, the 

Q output is a square wave with half the frequency of the clock input.  If more flip-flops are 

connected together as shown in the figure below, further division of the clock frequency can be 

achieved.  

 
The Q output of the second flip-flop is one-fourth the frequency of the original clock input.  This is 

because the frequency of the clock is divided by 2 by the first flip-flop, then divided by 2 again by the 

second flip-flop.  If more flip-flops are connected this way, the frequency division would be 2 to the 

power n, where n is the number of flip-flops.  

 

Parallel Data Storage  

In digital systems, data are normally stored in groups of bits that represent numbers, codes, or other 

information.  So, it is common to take several bits of data on parallel lines and store them 

simultaneously in a group of flip-flops.  This operation is illustrated in the figure below.  

 

Each of the three parallel data lines is connected to the D input of 

a flip-flop.  Since all the clock inputs are connected to the same 

clock, the data on the D inputs are stored simultaneously by the 

flip-flops on the positive edge of the clock.  Registers, a group of 

flip-flops use for data storage, will be explained in more detail in a 

later chapter.  
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Counting 

Another very important application of flip-flops is 

in digital counters, which are covered in detail in 

the next chapter.  

A counter that counts from 0 to 3 is illustrated in 

the timing diagram on the right.  The two-bit 

binary sequence repeats every four clock 

pulses.  When it counts to 3, it recycles back to 0 

to begin the sequence again.    

 

 

 

 

 

1. Design a 4-bit binary counter 

2. Explain some of the uses of Flip-Flops. 

3. What is the difference between Latch and Flip-Flop? 

4. Mano 5th edition questions: 5.13, 5.15, 5.19, 5.20, 5.21,  

 


