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(1) OBJECTIVES AND RELEVANCE

                             

This course introduces the basic concepts  logic gates  which is the most useful  for  designing the IC Technology in

engineering discipline. The emphasis of this course is laid on the basic analysis of digital circuits.

(2) SCOPE

The scope of this subject is to provide an insight into designing the DTl, TTL ECL circuits which are useful in digital

devices. This concept is more useful in further applications of minimizing the complexity of logic circuits. 

(3) PREREQUISITES

This subject recommends continuous practice of various simple arithmetic operations like addition, subtraction. It needs

requisite knowledge about assuming and designing the logic circuits. How to reduce the size and complexity of the

digital circuits.

(4.1) SYLLABUS - JNTU

B.Tech. II Year I Sem.

Course Objectives:

• To understand basic number systems, codes and logical gates. 

• To understand the concepts of Boolean algebra.

• To understand the use of minimization logic to solve the Boolean logic 

expressions. 

• To understand the design of combinational and sequential circuits.

• To understand the state reduction methods for Sequential circuits. 

• To understand the basics of various types of memories.

Course Outcomes:

• Able to understand number systems and codes.

• Able to solve Boolean expressions using Minimization methods. Able to design the sequential and 

combinational circuits.

• Able to apply state reduction methods to solve sequential circuits.

UNIT - I

Digital Systems, Binary Numbers, Number base conversions, Octal, Hexadecimal and other base numbers,

complements, signed binary numbers, Floating point number representation, binary codes, Error detection

and correction, binary storage and registers, binary logic, Boolean algebra and logic gates , Basic theorems

and properties of Boolean Algebra, Boolean functions, canonical and standard forms, Digital Logic Gates.

UNIT - II

Gate–Level  Minimization,  The K-Map Method, Three-Variable Map, Four-Variable Map, Five-Variable

Map  ,  sum  of  products  ,  product  of  sums  simplification,  Don’t  care  conditions  ,  NAND  and  NOR

implementation and other two level implementations, Exclusive-OR function.

UNIT - III

Combinational Circuits (CC), Analysis procedure, Design Procedure, Combinational circuit for different

code  converters  and  other  problems,  Binary  Adder-Subtractor,  Decimal  Adder,  Binary  Multiplier,

Magnitude Comparator, Decoders, Encoders, Multiplexers, De-multiplexers.
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UNIT - IV

Synchronous Sequential  Circuits,  Latches,  Flip-flops, analysis  of clocked sequential  circuits,  Registers,

Shift registers, Ripple counters, Synchronous counters, other counters. Asynchronous Sequential Circuits

-Introduction, Analysis procedure, Circuits with latches, Design procedure, Reduction of state and follow

tables, Race- free state assignment, Hazards.

 UNIT - V

Memory: Introduction, Random-Access memory, Memory decoding, ROM, Programmable Logic Array, 

Programmable Array Logic, Sequential programmable devices.

Register Transfer and Microoperations - Register Transfer Language, Register Transfer, Bus and Memory 

Transfers,

Arithmetic Microoperations, Logic Microoperations, Shift Microoperations, Arithmetic Logic Shift Unit.

(4.2) SYLLABUS - GATE

UNIT I

Logic gates; Boolean algebra, 
           

           UNIT II

              Minimization of Boolean functions;

UNIT III

Combinatorial circuits: arithmetic circuits, code converters, multiplexers, decoders

UNIT IV

Sequential circuits: latches and flip-flops, counters and shift-registers.

UNIT V

----

(4.3) SYLLABUS - IES

UNIT I

Transistor as a switching element, Boolean algebra, simplification of Boolean functions

UNIT II

K-map and applications

UNIT III

Combinational logic Circuits; Half adder, Full adder; Digital comparator, Multiplexer Demultiplexer

UNIT IV

 Flip flops. R-S, J-K, D and T flip flops; Different types of counters and registers

UNIT V

----

(5) SUGGESTED BOOKS
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TEXT BOOKS:

1. Digital Design, M. Morris Mano, M.D.Ciletti, 5th edition, Pearson.(Units I, II, III, IV, Part of Unit V)

2. Computer System Architecture, M.Morris Mano, 3rd edition, Pearson.(Part of Unit V)

REFERENCE BOOKS:

1. Switching and Finite Automata Theory, Z. Kohavi, Tata McGraw Hill.

2. Fundamentals of Logic Design, C. H. Roth, L. L. Kinney, 7
th

 edition, Cengage Learning.

3. Fundamentals of Digital Logic & Micro Computer Design, 5TH Edition, M. Rafiquzzaman, John 

Wiley.

 (6) WEBSITES

1. www.ieee.org

2. www.2dix.com

3. www.xillinx.com

4. www.cdac.com

5. www.vlsi  .edu

6. www.vlsi.iitkgp.ernet.in 

7. www.educypedia.be/electronic/digital.com

8. www.iitb.ac.in

9. www.iitm.ac.in

10. www.iitr.ac.in

11. www.iitg.ernet.in

12. www.bits-pilani.ac.in

13. www.metorgraphics  .com

14. www.vlsi-reasearch.com

15. www.iisc.ernet.in

16. www.samsung.com

17. www.vedaiit.com

(7) EXPERT DETAILS

The  Expert  Details  which  have  been  mentioned  below  are  only  a  few  of  the  eminent  ones  known

Internationally, Nationally and Locally. There are a few others known as well.

INTERNATIONAL

1. Prof. K Subbarangaiah is Director of VEDA IIT, Hyderabad

NATIONAL

       1. Dr.K. LAL KISHORE, Ph.D., MIEEE, FIETE, MISTE, MISHM, JNTU, Hyderabad

2. Mr .Sundaram, AGM, CAD R&D, ECIL, Hyderabad..

3. Mr. Rajendra naik, Asst Prof, Dept of ECE, Osmania University, Hyderabad.
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REGIONAL

1. Dr. N.S.Murthy, Professor and Head Dept. of ECE, REC,Warangal - 506004 (India) email: nsm@recw.ernet.in

2.  S.G Vinayaka Prasad, Sr. App. Engineer, Silicon Micro Systems 

 3. DR. M. Madhavi Latha, JNTU, Hyderabad

4. Dr. Sarat Chandra Babu, Centre Head C-DAC, Hyderabad email: Sarat_chandra@hotmail.com

(8) JOURNALS

INTERNATIONAL

1. IEEE transactions on DIGITAL DESIGNS

2. IEEE proceedings circuits, devices and systems

3. International journal of circuit designs and applications 

4. IEEE transactions on IC design 

5.   VSI vision 

NATIONAL

 

1. DIGITAL DESGIN MAGAZINE 

2.  JOURNAL FOR DIGITAL SYSTEMS

3.   IBM system magazine
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UNIT NO –IV 

SEQUNTIAL CIRCUIT 

 

Classification of sequential circuits: Sequential circuits may be classified as two types. 

1. Synchronous sequential circuits 

2. Asynchronous sequential circuits 

Combinational logic refers to circuits whose output is strictly depended on the present value of 

the inputs. As soon as inputs are changed, the information about the previous inputs is lost, that 

is, combinational logics circuits have no memory. Although every digital system is likely to have 

combinational circuits, most systems encountered in practice also include memory elements, 

which require that the system be described in terms of sequential logic. Circuits whose output 

depends not only on the present input value but also the past input value are known as sequential 

logic circuits. The mathematical model of a sequential circuit is usually referred to as a 

sequential machine. 

 
 

Comparison between combinational and sequential circuits 
 

 
Combinational circuit 

 
Sequential circuit 

1. In combinational circuits, the 

output 

 
1. in sequential circuits the output variables at 

variables at any instant of time are any instant of time are dependent not only on 

dependent only on the present input the present input variables, but also on the 

variables present state 

2.memory unit is not requires in 2.memory unit is required to store the past 

combinational circuit history of the input variables 

 

3. these circuits are faster because 

3. sequential circuits are slower than 

combinational 

the delay between the i/p and o/p circuits 

due to propagation delay of gates 
only 

 

4. easy to design 4. comparatively hard to design 



Level mode and pulse mode asynchronous sequential circuits: 
 

Fig shows a block diagram of an asynchronous sequential circuit. It consists of a combinational 

circuit and delay elements connected to form the feedbackloops. The present state and next state 

variables in asynchronous sequential circuits called secondary variables and excitation variables 

respectively.. 

There are two types of asynchronous circuits: fundamental mode circuits and pulse mode 

circuits. 
 

Synchronous and Asynchronous Operation: 

Sequential circuits are divided into two main types: synchronous and asynchronous. 

Their classification depends on the timing of their signals.Synchronous sequential circuits  

change their states and output values at discrete instants of time, which are specified by the rising 

and falling edge of a free-running clock signal. The clock signal is generally some form of  

square wave as shown in Figure below. 
 

From the diagram you can see that the clock period is the time between successive 

transitions in the same direction, that is, between two rising or two falling edges. State transitions 

in synchronous sequential circuits are made to take place at times when the clock is making a 

transition from 0 to 1 (rising edge) or from 1 to 0 (falling edge). Between successive clock pulses 

there is no change in the information stored in memory. 

The reciprocal of the clock period is referred to as the clock frequency. The  clock  

width is defined as the time during which the value of the clock signal is equal to 1. The ratio of 

the  clock  width and  clock  period  is  referred  to  as  the  duty cycle.  A clock  signal  is said to 



be active high if the state changes occur at the clock's rising edge or during the clock width. 

Otherwise, the clock is said to be active low.  Synchronous sequential circuits  are also  known  

as clocked sequential circuits. 

The memory elements used in synchronous sequential circuits are usually flip-flops. 

These circuits are binary cells capable of storing one bit of information. A flip-flop circuit has 

two outputs, one for the normal value and one for the complement value of the bit stored in it. 

Binary information can enter a flip-flop in a variety of ways, a fact which give rise to  the 

different types of flip-flops. For information on the different types of basic flip-flop circuits and 

their logical properties, see the previous tutorial on flip-flops. 

In asynchronous sequential circuits, the transition from one state to another is initiated by the 

change in the primary inputs; there is no external synchronization. The memory commonly used 

in asynchronous sequential circuits are time-delayed devices, usually implemented by feedback 

among logic gates. Thus, asynchronous sequential circuits may be regarded as combinational 

circuits with feedback. Because of the feedback among logic gates, asynchronous sequential 

circuits may, at times, become unstable due to transient conditions. The instability problem 

imposes many difficulties on the designer. Hence, they are not as commonly used as  

synchronous systems. 

 
Fundamental Mode Circuits assumes that: 

 

1. The input variables change only when the circuit is stable 

2. Only one input variable can change at a given time 

3. Inputs are levels are not pulses 
 

A pulse mode circuit assumes that: 
 

1. The input variables are pulses instead of levels 

2. The width of the pulses is long enough for the circuit to respond to the input 

3. The pulse width must not be so long that is still present after the new state is reached. 
 

Latches and flip-flops 
 

Latches and flip-flops are the basic elements for storing information. One latch or flip- 

flop can store one bit of information. The main difference between latches and flip-flops is that 

for latches, their outputs are constantly affected by their inputs as long as the enable signal is 

asserted. In other words, when they are enabled, their content changes immediately when their 

inputs change. Flip-flops, on the other hand, have their content change only either at the rising or 

falling edge of the enable signal. This enable signal is usually the controlling clock signal. After 

the rising or falling edge of the clock, the flip-flop content remains constant even if the input 

changes. 

There are basically four main types of latches and flip-flops: SR, D, JK, and T. The major 

differences in these flip-flop types are the number of inputs they have and how they change state. 

For each type, there are also different variations that enhance their operations. In this chapter, we 



will look at the operations of the various latches and flip-flops.the flip-flops has two outputs, 

labeled Q and Q‘. the Q output is the normal output of the flip flop and Q‘ is the inverted output. 
 

Figure: basic symbol of flipflop 
 

A latch may be an active-high input latch or an active –LOW input latch.active –HIGH 

means that the SET and RESET inputs are normally resting in the low state and one of them will 

be pulsed high whenever we want to change latch outputs. 

SR latch: 
 

The latch has two outputs Q and Q‘. When the circuit is switched on the latch may enter 

into any state. If Q=1, then Q‘=0, which is called SET state. If Q=0, then Q‘=1, which is called 

RESET state. Whether the latch is in SET state or RESET state, it will continue to remain in the 

same state, as long as the power is not switched off. But the latch is not an useful circuit, since 

there is no way of entering the desired input. It is the fundamental building block in constructing 

flip-flops, as explained in the following sections 

NAND latch 
 

NAND latch is the fundamental building block in constructing a flip-flop. It has the 

property of holding on to any previous output, as long as it is not disturbed. 

The opration of NAND latch is the reverse of the operation of NOR latch.if 0‘s are 

replaced by 1‘s and 1‘s are replaced by 0‘s we get the same truth table as that of the NOR latch 

shown 
 

NOR latch 
 



The analysis of the operation of the active-HIGHNOR latch can be summarized as follows. 

1. SET=0, RESET=0: this is normal resting state of the NOR latch and it has no effect on the 

output state. Q and Q‘ will remain in whatever stste they were prior to the occurrence of this 

input condition. 

2. SET=1, RESET=0: this will always set Q=1, where it will remain even after SET returns to 0 
3. SET=0, RESET=1: this will always reset Q=0, where it will remain even after RESET 

returns to 0 

4. SET=1,RESET=1; this condition tries to SET and RESET the latch at the same time, and it 

produces Q=Q‘=0. If the inputs are returned to zero simultaneously, the resulting output stste 

is erratic and unpredictable. This input condition should not be used. 

The SET and RESET inputs are normally in the LOW state and one of them will be pulsed 

HIGH. Whenever we want to change the latch outputs.. 

RS Flip-flop: 

The basic flip-flop is a one bit memory cell that gives the fundamental idea of memory 

device. It constructed using two NAND gates. The two NAND gates N1 andN2 are connected 

such that, output of N1  is connected to input of N2 and output of N2  to input of N1.  These  

form the feedback path the inputs are S and R, and outputs are Q and Q‘. The logic diagram and 

the block diagram of R-S flip-flop with clocked input 
 

Figure: RS Flip-flop 

The flip-flop can be made to respond only during the occurrence of clock pulse by adding 

two NAND gates to the input latch. So synchronization is achieved. i.e., flip-flops are 

allowed to change their states only at particular instant of time. The clock pulses are 

generated by a clock pulse generator. The flip-flops are affected only with the arrival of 

clock pulse. 

Operation: 

1. When CP=0 the output of N3 and N4 are 1 regardless of the value of S and R. This is 

given as input to N1   and N2. This makes the previous value of Q and Q‘unchanged. 

2. When CP=1 the information at S and R inputs are allowed to reach the latch and 

change of state in flip-flop takes place. 

3. CP=1, S=1, R=0 gives the SET state i.e., Q=1, Q‘=0. 



4. CP=1, S=0, R=1 gives the RESET state i.e., Q=0, Q‘=1. 

5. CP=1, S=0, R=0 does not affect the state of flip-flop. 

6. CP=1, S=1, R=1 is not allowed, because it is not able to determine the next state. This 

condition is said to be a ―race condition‖. 

In the logic symbol CP input is marked with a triangle. It indicates the circuit responds to 

an input change from 0 to 1. The characteristic table gives the operation conditions of flip-flop. 

Q(t) is the present state maintained in the flip-flop at time ‗t‘. Q(t+1) is the state after the 

occurrence of clock pulse. 
 

Edge triggered RS flip-flop: 

Some flip-flops have an RC circuit at the input next to the clock pulse. By the design of the 

circuit the R-C time constant is much smaller than the width of the clock pulse. So the output 

changes will occur only at specific level of clock pulse. The capacitor gets fully charged when 

clock pulse goes from low to high. This change produces a narrow positive spike. Later at the 

trailing edge it produces narrow negative spike. This operation is called edge triggering, as the 

flip-flop responds only at the changing state of clock pulse. If output transition occurs at rising 

it is called positively edge triggering. If it occurs at trailing edge    

0) it is called negative edge triggering. Figure shows the logic and block diagram. 
 

 

Figure: Edge triggered RS flip-flop 

D flip-flop: 
 

The D flip-flop is the modified form of R-S flip-flop. R-S flip-flop is converted to D flip-flop by 

adding an inverter between S and R and only one input D is taken instead of S and R. So one 

input is D and complement of D is given as another input. The logic diagram and the block 

diagram of D flip-flop with clocked input 



 
 

When the clock is low both the NAND gates (N1 and N2) are disabled and Q retains its 

last value. When clock is high both the gates are enabled and the input value at D is transferred to 

its output Q. D flip-flop is also called ―Data flip-flop‖. 
 

 
 

Edge Triggered D Flip-flop: 
 

 
 

 

 
 

Figure: truth table, block diagram, logic diagram of edge triggered flip-flop 

JK flip-flop (edge triggered JK flip-flop) 

The race condition in RS flip-flop, when R=S=1 is eliminated in J-K flip-flop. There is a 

feedback from the output to the inputs. Figure 3.4 represents one way of building a JK flip-flop. 



 
 

 

Figure: JK flip-flop 

The J and K are called control inputs, because they determine what the flip-flop does 

when a positive clock edge arrives. 

Operation: 

1. When J=0, K=0 then both N3 and N4 will  produce high output  and the previous  

value of Q and Q‘ retained as it is. 

2. When J=0, K=1, N3   will get an output as 1 and output of N4 depends on the value   

of Q. The final output is Q=0, Q‘=1 i.e., reset state 

3. When J=1, K=0 the output of N4 is 1 and N3 depends on the value of Q‘. The final 

output is Q=1 and Q‘=0    i.e., set state 

4. When J=1, K=1 it is possible to set (or) reset the flip-flop depending on the current 

state of output. If Q=1, Q‘=0 then N4 passes  ‘0‘to N2 which produces Q‘=1, Q=0 which  is  

reset state. When J=1, K=1, Q changes to the complement of the last state. The flip-flop is said to 

be in the toggle state. 

The characteristic equation of the JK flip-flop is: 



JK flip-flop operation
[28]

 

 

Characteristic table 

 

Excitation table 

 

J 

 

K 

 

Qnext 

 

Comment 

 

Q 

 

Qnext 

 

J 

 

K 

 

Comment 

 

0 

 

0 

 

Q 

 

hold state 

 

0 

 

0 

 

0 

 

X 

 

No change 

 

0 

 

1 

 

0 

 

reset 

 

0 

 

1 

 

1 

 

X 

 

Set 

 

1 

 

0 

 

1 

 

set 

 

1 

 

0 

 

X 

 

1 

 

Reset 

 

1 

 

1 

 

Q 

 

toggle 

 

1 

 

1 

 

X 

 

0 

 

No change 

 

 

T flip-flop: 

If the T input is high, the T flip-flop changes state ("toggles") whenever the clock input is 

strobed. If the T input is low, the flip-flop holds the previous value. This behavior is described by 

the characteristic equation 
 

 

 
Figure : symbol for T flip flop 

 (expanding the XOR operator 

When T is held high, the toggle flip-flop divides the clock frequency by two; that is, if 

clock frequency is 4 MHz, the output frequency obtained from the flip-flop will be 2 MHz This 

"divide by" feature has application in various types of digital counters. A T flip-flop can also be 

built using a JK flip-flop (J & K pins are connected together and act as T) or D flip-flop (T input 

and Previous  is connected to the D input through an XOR gate). 

http://en.wikipedia.org/wiki/Flip-flop_(electronics)#cite_note-manokime-28
http://en.wikipedia.org/wiki/State_transition_table
http://en.wikipedia.org/wiki/Excitation_table
http://en.wikipedia.org/wiki/XOR_gate


T flip-flop operation
[28]

 

 

Characteristic table 
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Flip flop operating characteristics: 

The operation characteristics specify the performance, operating requirements, and 

operating limitations of the circuits. The operation characteristics mentions here apply to all flip- 

flops regardless of the particular form of the circuit. 

Propagation Delay Time: is the interval of time required after an input signal has been applied 

for the resulting output change to occur. 

Set-up Time: is the minimum interval required for the logic levels to be maintained constantly  

on the inputs (J and K, or S and R, or D) prior to the triggering edge of the clock pulse in order 

for the levels to be reliably clocked into the flip-flop. 

Hold Time: is the minimum interval required for the logic levels to remain on the inputs after 

the triggering edge of the clock pulse in order for the levels to be reliably clocked into the flip- 

flop. 

Maximum Clock Frequency: is the highest rate that a flip-flop can be reliably triggered. 

Power Dissipation: is the total power consumption of the device. It is equal to product of supply 

voltage (Vcc) and the current (Icc). 

P=Vcc.Icc 

The power dissipation of a flip flop is usually in mW. 
Pulse Widths: are the minimum pulse widths specified by the manufacturer for the Clock, SET 

and CLEAR inputs. 

Clock transition times: for reliable triggering, the clock waveform transition times should be 

kept very short. If the clock signal takes too long to make the transitions from one level to other, 

the flip flop may either triggering erratically or not trigger at all. 

http://en.wikipedia.org/wiki/Flip-flop_(electronics)#cite_note-manokime-28
http://en.wikipedia.org/wiki/State_transition_table
http://en.wikipedia.org/wiki/Excitation_table


 

Race around Condition 

The inherent difficulty of an S-R flip-flop (i.e., S = R = 1) is eliminated by using the 
feedback connections from the outputs to the inputs of gate 1 and gate 2 as shown in Figure. 

Truth tables in figure were formed with the assumption that the inputs do not change during the 

clock pulse (CLK = 1). But the consideration is not true because of the feedback connections 

 

 Consider, for example, that the inputs are J = K = 1 and Q = 1, and a pulse as shown in 

Figure is applied at the clock input. 

 After a time interval t equal to the propagation delay through two NAND gates in series, 

the outputs will change  to Q = 0. So now we have J = K = 1 and Q = 0. 

 After another time interval of t the output will change back to Q = 1. Hence,  we  

conclude that for the time duration of tP of the clock pulse, the output will oscillate 

between 0 and 1. Hence, at the end of the clock pulse, the value of the output is not 

certain.  This situation is referred to as a    race-around condition. 

 Generally,  the  propagation  delay  of  TTL  gates  is  of  the  order  of nanoseconds. So  

if the clock pulse is of the order of microseconds, then the output will change thousands  

of times within the clock pulse. 

 This race-around condition can be avoided if tp< t < T. Due to the small propagation 

delay of the ICs it may be difficult to satisfy the above condition. 

 A more practical way to avoid the problem is to use the master-slave (M-S) configuration 
as discussed below. 

 

Applications 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 

. Parallel data storage: a group of flip-flops is called register. To    store data of N bits, N 

flip-flops are required. Since the data is available in parallel form. When a clock pulse is applied 

to all flip-flops simultaneously, these bits will transfer will be transferred to the Q outputs of the 

flip flops. 

Serial data storage: to store data of N bits available in serial form, N number of D-flip- 

flops is connected in cascade. The clock signal is connected to all the flip-flops. The serial data is 

applied to the D input terminal of the first flip-flop. 



Transfer of data: data stored in flip-flops may be transferred out in a serial fashion, i.e., 

bit-by-bit from the output of one flip-flops or may be transferred out in parallel form. 

 

Excitation Tables: 

 

Conversions of flip-flops: 
 



The key here is to use the excitation table, which shows the necessary triggering signal 

(S,R,J,K, D and T) for a desired flip-flop state transition : 

 
 

Convert a D-FF to a T-FF: 

 
 

We need to design the circuit to generate the triggering signal D as a function of T and Q: 

. Consider the excitation table: 

 
 

Treating   as a function of   and current FF state , we have 

 
 

Convert a RS-FF to a D-FF: 

 

We need to design the circuit to generate the triggering signals S and R as functions of 

and consider the excitation table: 



 
 

The desired signal and can be obtained as functions of and current FF state from 

the Karnaugh maps: 

 
Convert a RS-FF to a JK-FF: 

We need to design the circuit to generate the triggering signals S and R as functions of, J, 

K. 
Consider the excitation table: The  desired signal and as functions of, and current FF state 

can be obtained from the Karnaugh maps: 

 



K- maps: 

 
 
 

The Master-Slave JK Flip-flop: 

 

The Master-Slave Flip-Flop is basically two gated SR flip-flops connected together in a 

series configuration  with  the  slave  having  an  inverted  clock  pulse.  The  outputs  from Q  

and Q from the "Slave" flip-flop are fed back to the inputs of the "Master" with the outputs of the 

"Master" flip-flop being connected to the two inputs of the "Slave" flip-flop. This feedback 

configuration from the slave's output to the master's input gives the characteristic toggle of the 

JK flip-flop as shown below. 

The input signals J and K are connected to the gated "master" SR flip-flop which "locks" 

the input condition while the clock (Clk) input is "HIGH" at logic level "1". As the clock input of 

the "slave" flip-flop is the inverse (complement) of the "master" clock input, the "slave" SR flip- 

flop does not toggle. The outputs from the "master" flip-flop are only "seen" by the gated "slave" 

flip-flop when the clock input goes "LOW" to logic level "0". When the clock is "LOW", the 

outputs from the "master" flip-flop are latched and any additional changes to its inputs are 

ignored. The gated "slave" flip-flop now responds to the state of its inputs passed over by the 

"master" section. Then on the "Low-to-High" transition of the clock pulse the inputs of the 

"master" flip-flop are fed through to the gated inputs of the "slave" flip-flop and on the "High-to- 

Low" transition the same inputs are reflected on the output of the "slave" making this type of 

flip-flop edge or pulse-triggered. Then, the circuit accepts input data when the clock signal is 

"HIGH", and passes the data to the output on the falling-edge of the clock signal. In other words, 

the Master-Slave JK Flip-flop is a "Synchronous" device as it only passes data with the timing of 

the clock signal. 



 

 
Sequential Circuit Design 

UNIT 4 

Sequential circuit design and analysis 

 

 Steps in the design process for sequential circuits 

 State Diagrams and State Tables 

 Examples 

 Steps in Design of a Sequential Circuit 

1. Specification – A description of the sequential circuit. Should include a detailing of the  

inputs, the outputs, and the operation. Possibly assumes that you have knowledge of digital 

system basics. 

2. Formulation: Generate a state diagram and/or a state table from the statement of the problem. 

3. State Assignment: From a state table assign binary codes to the states. 

4. Flip-flop Input Equation Generation: Select the type of flip-flop for the circuit and generate 

the needed input for the required state transitions 
5. Output Equation Generation: Derive output logic equations for generation of the output from 

the inputs and current state. 

6. Optimization: Optimize the input and output equations. Today, CAD systems are typically 

used for this in real systems. 

7. Technology Mapping: Generate a logic diagram of the circuit using ANDs, ORs, Inverters, 

and F/Fs. 

8. Verification: Use a HDL to verify the design. 

Mealy and Moore 

 Sequential machines are typically classified as either a Mealy machine or a Moore 

machine implementation. 

 Moore machine: The outputs of the circuit depend only upon the current state of the 

circuit. 

 Mealy machine: The outputs of the circuit depend upon both the current state of the 

circuit and the inputs. 
 

An example to go through the steps 
The specification: The circuit will have one input, X, and one output, Z. The output Z will be 0 

except when the input sequence 1101 are the last 4 inputs received on X. In that case it will be a 

1 

Generation of a state diagram 

 Create states and meaning for them. 

State A – the last input was a 0 and previous inputs unknown. Can also be the reset state. 

State B – the last input was a 1 and the previous input was a 0. The start of a new sequence 

possibly. 

 Capture this in a state diagram 



 
 

Capture this in a state diagram 
 

Circles represent the states 

Lines and arcs represent the transition between states. 

The notation Input/output on the line or arc specifies the input that causes this transition 

and the output for this change of state. 

 Add a state C – Have detected the input sequence 11 which is the start of the sequence
 

 

Add a state D 

State D – have detected the 3
rd  

input in the start of a sequence, a 0, now having 

110. From State D, if the next input is a 1 the sequence has been detected and a 1 

is output. 
 
 

The previous diagram was incomplete. 

In each state the next input could be a 0 or a 1.  This must be included 
 
 



 The state table 

 This can be done directly from the state diagram 
 

 Now need to do a state assignment 
 

Select a state assignment 
 

 Will select a gray encoding 

 For this state A will be encoded 00, state B 01,  state C 11 and state D 10 
 

 

 

Flip-flop input equations 
 

 Generate the equations for the flip-flop inputs 

 Generate the D0 equation 

 
 

 Generate the D1 equation 



 
 

The output equation 

 The next step is to generate the equation for the output Z and what is needed to generate 

it. 

 Create a K-map from the truth table. 

 
 

Now map to a circuit 
 

 The circuit has 2 D type F/Fs 
 

 

 



Shift registers: 
In digital circuits, a shift register is a cascade of flip-flops sharing the same clock, in  

which the output of each flip-flop is connected to the "data" input of the next flip-flop in the 

chain, resulting in a circuit that shifts by one position the "bit array" stored in it, shifting in the 

data present at its input and shifting out the last bit in the array, at each transition of the clock 

input. More generally, a shift register may be multidimensional, such that its "data in" and stage 

outputs are themselves bit arrays: this is implemented simply by running several shift registers of 

the same bit-length in parallel. 

Shift registers can have both parallel and serial  inputs and outputs.  These are often configured  

as serial-in, parallel-out (SIPO) or as parallel-in, serial-out (PISO). There are also types that 

have both serial and parallel input and types with serial and parallel output. There are also bi- 

directional shift registers which allow shifting in both directions: L→R or R→L. The serial  
input and last output of a shift register can also be connected to create a circular shift register 

Shift registers are a type of logic circuits closely related to counters. They are basically for the 

storage and transfer of digital data. 

Buffer register: 

The buffer register is the simple set of registers. It is simply stores the binary word. The buffer 

may be controlled buffer. Most of the buffer registers used D Flip-flops. 
 

Figure: logic diagram of 4-bit buffer register 
The figure shows a 4-bit buffer register. The binary word to be stored is applied to the data 

terminals. On the application of clock pulse, the output word becomes the same as the word 

applied at the terminals. i.e., the input word is loaded into the register by the application of clock 

pulse. 

When the positive clock edge arrives, the stored word becomes: 

Q4Q3Q2Q1=X4X3X2X1 

Q=X 

Controlled buffer register: 

If        goes LOW, all the FFs are RESET and the output becomes, Q=0000. 

When is HIGH, the register is ready for action. LOAD is the control input. When 

LOAD is HIGH, the data bits X can reach the D inputs of FF‘s. 

Q4Q3Q2Q1=X4X3X2X1 

Q=X 

When load is low, the X bits cannot reach the FF‘s. 



Data transmission in shift registers: 
 

 
 

 

 

 
 

A number of ff‘s connected together such that data may be shifted into and shifted out of them is 

called shift register. data may be shifted into or out of the register in serial form or in parallel 

form. There are four basic types of shift registers. 

1. Serial in, serial out, shift right, shift registers 

2. Serial in, serial out, shift left, shift registers 

3. Parallel in, serial out shift registers 

4. Parallel in, parallel out shift registers 



Serial IN, serial OUT, shift right, shift left register: 
 

The logic diagram of 4-bit serial in serial out, right shift register with four stages. The register 

can store four bits of data. Serial data is applied at the input D of the first FF. the Q output of the 

first FF is connected to the D input of another FF. the data is outputted from the Q terminal of  

the last FF. 

 
 
 

When serial data is transferred into a register, each new bit is clocked into the first FF at the 

positive going edge of each clock pulse. The bit that was previously stored by the first FF is 

transferred to the second FF. the bit that was stored by the Second FF is transferred to the third 

FF. 

 

Serial-in, parallel-out, shift register: 
 

 
 

In this type of register, the data bits are entered into the register serially, but the data stored in 

the register is shifted out in parallel form. 
 

Once the data bits are stored, each bit appears on its respective output line and all bits are 

available simultaneously, rather than on a bit-by-bit basis with the serial output. The serial-in, 

parallel out, shift register can be used as serial-in, serial out, shift register if the output is taken 

from the Q terminal of the last FF. 



Parallel-in, serial-out, shift register: 
 

For a parallel-in, serial out, shift register, the data bits are entered simultaneously into their 

respective stages on parallel lines, rather than on a bit-by-bit basis on one line as with serial data 

bits are transferred out of the register serially. On a bit-by-bit basis over a single line. 

There are four data lines A,B,C,D through which the data is entered into the register in  

parallel form. The signal shift/ load allows the data to be entered in parallel form into the register 

and the data is shifted out serially from terminalQ4 

 

Parallel-in, parallel-out, shift register 

 
 

 

In a parallel-in, parallel-out shift register, the data is entered into the register in parallel form, 

and also the data is taken out of the register in parallel form. Data is applied to the D input 

terminals of the FF‘s. When a clock pulse is applied, at the positive going edge of the pulse, the 

D inputs are shifted into the Q outputs of the FFs. The register now stores the data. The stored 

data is available instantaneously for shifting out in parallel form. 



Bidirectional shift register: 
 

A bidirectional shift register is one which the data bits can be shifted from left to right  

or from right to left. A fig shows the logic diagram of a 4-bit serial-in, serial out, bidirectional 

shift register. Right/left is the mode signal, when right /left is a 1, the logic circuit works as a 

shift-register.the bidirectional operation is achieved by using the mode signal and two NAND 

gates and one OR gate for each stage. 

 

A HIGH on the right/left control input enables the AND gates G1, G2, G3 and G4 and 

disables the AND gates G5,G6,G7 and G8, and the state of Q output of each FF is passed  

through the gate to the D input of the following FF. when a clock pulse occurs, the data bits are 

then effectively shifted one place to the right. A LOW on the right/left control inputs enables the 

AND gates G5, G6, G7 and G8 and disables the And gates G1, G2, G3 and G4 and the Q output 

of each FF is passed to the D input of the preceding FF. when a clock pulse occurs, the data bits 

are then effectively shifted one place to the left. Hence, the circuit works as a bidirectional shift 

register 

 
 

Figure: logic diagram of a 4-bit bidirectional shift register 

Universal shift register: 

A register is capable of shifting in one direction only is a unidirectional shift register. One that 

can shift both directions is a bidirectional shift register. If the register has both shifts and parallel 

load capabilities, it is referred to as a universal shift registers. Universal shift register is a 

bidirectional register, whose input can be either in serial form or in parallel form and whose 

output also can be in serial form or I parallel form. 

The most general shift register has the following capabilities. 
 

1. A clear control to clear the register to 0 

2. A clock input to synchronize the operations 
3. A shift-right control to enable the shift-right operation and serial input and output lines 

associated with the shift-right 



4. A shift-left control to enable the shift-left operation and serial input and output lines 

associated with the shift-left 

5. A parallel loads control to enable a parallel transfer and the n input lines associated with 

the parallel transfer 

6. N parallel output lines 
7. A control state that leaves the information in the register unchanged in the presence of 

the clock. 

 

A universal shift register can be realized using multiplexers. The below fig shows the logic 

diagram of a 4-bit universal shift register that has all capabilities. It consists of 4 D flip-flops and 

four multiplexers. The four multiplexers have two common selection inputs s1 and s0. Input 0 in 

each multiplexer is selected when S1S0=00, input 1 is selected when S1S0=01 and input 2 is 

selected when S1S0=10 and input 4 is selected when S1S0=11. The selection inputs control the 

mode of operation of the register according to the functions entries. When S1S0=0, the present 

value of the register is applied to the D inputs of flip-flops. The condition forms a path from the 

output of each flip-flop into the input of the same flip-flop. The next clock edge transfers into 

each flip-flop the binary value it held previously, and no change of state occurs. When S1S0=01, 

terminal 1 of the multiplexer inputs have a path to the D inputs of the flip-flop. This causes a 

shift-right operation, with serial input transferred into flip-flopA4. When S1S0=10, a shift left 

operation results with the other serial input going into flip-flop A1. Finally when S1S0=11, the 

binary information on the parallel input lines is transferred into the register simultaneously  

during the next clock cycle 
 

Figure: logic diagram 4-bit universal shift register 



Function table for theregister 

 

mode control 

S0 S1 register operation 
   

0 0 No change 

0 1 Shift Right 

1 0 Shift left 

1 1 Parallel load 

 

 

 

 

Counters: 
 

Counter  is  a  device  which  stores  (and  sometimes  displays)  the  number  of   times 

particular event or process has occurred, often in relationship to a clock signal. A Digital counter 

is a set of flip flops whose state change in response to pulses applied at the input to the counter. 

Counters may be asynchronous counters or synchronous counters. Asynchronous counters are 

also called ripple counters 

In electronics counters can be implemented quite easily using register-type circuits  such  as 

the flip-flops and a wide variety of classifications exist: 

 

 Asynchronous (ripple) counter – changing state bits are used as clocks to subsequent state 

flip-flops
 Synchronous counter – all state bits change under control of a singleclock
 Decade counter – counts through ten states per stage
 Up/down counter – counts both up and down, under command of a control input
 Ring counter – formed by a shift register with feedback connection in a ring
 Johnson counter – a twisted ring counter 

 Cascaded counter
 Modulus counter. 

 
 

Each is useful for different applications. Usually, counter circuits are digital in nature, and count 

in natural binary Many types of counter circuits are available as digital building blocks, for 

example a number of chips in the 4000 series implement different counters. 

Occasionally there are advantages to using a counting sequence other than the natural binary 

sequence such as the binary coded decimal counter, a linear feed-back shift register counter, or    

a gray-code counter. 

Counters are useful for digital clocks and timers, and in oven timers, VCR clocks, etc. 



Asynchronous counters: 
 

An asynchronous (ripple) counter is a single JK-type flip-flop, with its J (data) input fed 

from its own inverted output. This circuit can store one bit, and hence can count from zero to one 

before it overflows (starts over from 0). This counter will increment once for every clock cycle 

and takes two clock cycles to overflow, so every cycle it will alternate between a transition from 

0 to 1 and a transition from 1 to 0. Notice that this creates a new clock with a 50% duty cycle at 

exactly half the frequency of the input clock. If this output is then used as the clock signal for a 

similarly arranged D flip-flop (remembering to invert the output to the input), one will get 

another 1 bit counter that counts half as fast. Putting them together yields a two-bit counter: 

 

Two-bit ripple up-counter using negative edge triggered flip flop: 

 
Two bit ripple counter used two flip-flops. There are four possible states from 2 – bit up-  

counting I.e. 00, 01, 10 and 11. 

 

·  The counter is initially assumed to be at a state 00 where the outputs of the tow flip-flops 

are noted as Q1Q0. Where Q1  forms the MSB and Q0  forms the LSB. 
 

·  For the negative edge of the first clock pulse, output of the first flip-flop FF1 toggles its 

state. Thus Q1  remains at 0 and Q0 toggles to 1 and the counter state are now read as 01. 
 

·  During the next negative edge of the input clock pulse FF1 toggles and Q0 = 0. The output 
Q0 being a clock signal for the second flip-flop FF2 and the present transition acts as a negative 
edge for FF2  thus toggles its state Q1 = 1. The counter state is now read as 10. 

 

·  For the next negative edge of the input clock to FF1 output Q0 toggles to 1. But this 
transition from 0 to 1 being a positive edge for FF2 output Q1 remains at 1. The counter state is 
now read as 11. 

 

·  For the next negative edge of the input clock, Q0 toggles to 0. This transition from 1 to 0 

acts as a negative edge clock for FF2 and its output Q1 toggles to 0. Thus the starting state 00 is 

attained. Figure shown below 
 

 

http://en.wikipedia.org/wiki/Flip-flop_(electronics)#JK_flip-flop
http://en.wikipedia.org/wiki/Duty_cycle


 
 

Two-bit ripple down-counter using negative edge triggered flip flop: 
 

 

A 2-bit down-counter counts in the order 0,3,2,1,0,1…….,i.e, 00,11,10,01,00,11 …..,etc. the 
above fig. shows ripple down counter, using negative edge triggered J-K FFs and its timing 

diagram. 

 For down counting, Q1‘ of FF1 is connected to the clock of Ff2. Let initially all the FF1 

toggles, so, Q1 goes from a 0 to a 1 and Q1‘ goes from a 1 to a 0. 



 The negative-going signal at Q1‘ is applied to the clock input of FF2, toggles Ff2 and, 

therefore, Q2 goes from a 0 to a 1.so, after one clock pulse Q2=1 and Q1=1, I.e., the state 

of the counter is 11. 

 At the negative-going edge of the second clock pulse, Q1 changes from a 1 to a 0 and  

Q1‘ from a 0 to a 1. 

 This positive-going signal at Q1‘ does not affect FF2 and, therefore, Q2 remains at a 1. 

Hence , the state of the counter after second clock pulse is 10 

 At the negative going edge of the third clock pulse, FF1 toggles. So Q1, goes from a 0 to 
a 1 and Q1‘ from 1 to 0. This negative going signal at Q1‘ toggles FF2 and, so, Q2 

changes from 1 to 0, hence, the state of the counter after the third clock pulse is 01. 

 At the negative going edge of the fourth clock pulse, FF1 toggles. So Q1, goes from a 1  

to a 0 and Q1‘ from 0 to 1. . This positive going signal at Q1‘ does not affect FF2 and, so, 

Q2 remains at 0, hence, the state of the counter after the fourth clock pulse is 00. 

 

 

Two-bit ripple up-down counter using negative edge triggered flip flop: 

 
 

Figure: asynchronous 2-bit ripple up-down counter using negative edge triggered flip flop: 

 

 As the name indicates an up-down counter is a counter which can count both in upward 

and downward directions. An up-down counter is also called a forward/backward counter 

or a bidirectional counter. So, a control signal or a mode signal M is required to choose 

the direction of count. When M=1 for up counting, Q1 is transmitted to clock of FF2 and 

when M=0 for down counting, Q1‘ is transmitted to clock of FF2. This is achieved by 

using two AND gates and one OR gates. The external clock signal is applied to FF1. 

 Clock signal to FF2= (Q1.Up)+(Q1‘. Down)= Q1m+Q1‘M‘ 
 

Design of Asynchronous counters: 
 

To design a asynchronous counter, first we write the sequence , then tabulate the values of 

reset signal R for various states of the counter and obtain the minimal expression for R and R‘ 
using K-Map or any other method. Provide a feedback such that R and R‘ resets all the FF‘s after 

the desired count 



Design of a Mod-6 asynchronous counter using T FFs: 
A mod-6 counter has six stable states 000, 001, 010, 011, 100, and 101. When the sixth 

clock pulse is applied, the counter temporarily goes to 110 state, but immediately resets to 000 
because  of the  feedback  provided.  it  is  ―divide  by-6-counter‖,  in the  sense  that  it  divides  the 
input clock frequency by 6.it requires three FFs, because the smallest value of n satisfying the 

conditionN≤2n 
is n=3; three FFs can have 8 possible states, out of which only six are utilized and 

the remaining two states 110and 111, are invalid. If initially the counter is in 000 state, then after 
the sixth clock pulse, it goes to 001, after the second clock pulse, it goes to 010, and so on. 

 

 

After sixth clock pulse it goes to 000. For the design, write the truth table with present state 

outputs Q3, Q2 and Q1 as the variables, and reset R as the output and obtain an expression for R 

in terms of Q3, Q2, and Q1that decides the feedback into be provided. From the truth table, 

R=Q3Q2. For active-low Reset, R‘ is used. The reset pulse is of very short duration, of the order 

of nanoseconds and it is equal to the propagation delay time of the NAND gate used. The 

expression for R can also be determined as follows. 
 

 
Therefore, 

R=0 for 000 to 101, R=1 for 110, and R=X=for111 

R=Q3Q2Q1‘+Q3Q2Q1=Q3Q2 

The logic diagram and timing diagram of Mod-6 counter is shown in the above fig. 

The truth table is as shown in below. 



After 

pulses 

  States    

Q3 Q2 Q1 R 

 
0 

 
0 

 
0 

 
0 

 
0 

1 0 0 1 0 

2 0 1 0 0 

3 0 1 1 0 

4 1 0 0 0 

5 1 0 1 0 

6 1 1 0 1 

 
0 0 0 0 

7 0 0 0 0 
 

Design of a mod-10 asynchronous counter using T-flip-flops: 
A mod-10 counter is a decade counter. It also called a BCD counter or a divide-by-10 

counter. It requires four flip-flops (condition 10 ≤2n 
is n=4). So, there are 16 possible states, out 

of which ten are valid and remaining six are invalid. The counter has ten stable state, 0000 
through 1001, i.e., it counts from 0 to 9. The initial state is 0000 and after nine clock pulses it 
goes to 1001. When the tenth clock pulse is applied, the counter goes to state 1010 temporarily, 
but because of the feedback provided, it resets to initial state 0000. So, there will be a glitch in 
the waveform of Q2. The state 1010 is a temporary state for which the reset signal R=1, R=0 for 
0000 to 1001, and R=C for 1011 to 1111. 

 

The count table and the K-Map for reset are shown in fig. from the K-Map R=Q4Q2. So, 

feedback is provided from second and fourth FFs. For active –HIGH reset, Q4Q2 is applied to  

the clear terminal. For active-LOW reset   4   2 is connected         isof all Flip=flops. 



 

 
 

Synchronous counters: 
 

Asynchronous counters are serial counters. They are slow because each FF can change state 

only if all the preceding FFs have changed their state. if the clock frequency is very high, the 

asynchronous counter may skip some of the states. This problem is overcome in synchronous 

counters or parallel counters. Synchronous counters are counters in which all the flip flops are 

triggered simultaneously by the clock pulses Synchronous counters have a common clock pulse 

applied simultaneously to all flip- -Bit Synchronous Binary Counter 

 

 

 

 

 

 

 

 

 

 

Design of synchronous counters: 
 

For a systematic design of synchronous counters. The following procedure is used. 

 
Step 1:State Diagram: draw the state diagram showing all the possible states state diagram which 

also be called nth transition diagrams, is a graphical means of depicting the sequence of states 

through which the counter progresses. 

 
Step2: number of flip-flops: based on the description of the problem, determine the required 

number n of the flip-flops- the smallest value of n is such that the number of states N≤2n
--- and 

the desired counting sequence. 

 

Step3: choice of flip-flops excitation table: select the type of flip-flop to be used and write the 

excitation table. An excitation table is a table that lists the present state (ps) , the next state(ns) 

and required excitations. 

After 

pulses 

  Count    

Q4 Q3 Q2 Q1 

0 0 0 0 0 
1 0 0 0 1 

2 0 0 1 0 

3 0 0 1 1 

4 0 1 0 0 

5 0 0 0 1 

6 0 1 1 0 

7 0 1 1 1 

8 1 0 0 0 

9 0 1 0 1 

10 0 0 0 0 



Step4: minimal expressions for excitations: obtain the minimal expressions for the excitations of 

the FF using K-maps drawn for the excitation of the flip-flops in terms of the present states and 

inputs. 

 

Step5: logic diagram: draw a logic diagram based on the minimal expressions 

 

Design of a synchronous 3-bit up-down counter using JK flip-flops: 
 

Step1: determine the number of flip-flops required. A 3-bit counter requires three FFs. It has 8 

states (000,001,010,011,101,110,111) and all the states are valid. Hence no don‘t cares. For 

selecting up and down modes, a control or mode signal M is required. When the mode signal 

M=1 and counts down when M=0. The clock signal is applied to all the FFs simultaneously. 

 

Step2: draw the state diagrams: the state diagram of the 3-bit up-down counter is drawn as 

 

Step3: select the type of flip flop and draw the excitation table: JK flip-flops are selected and the 

excitation table of a 3-bit up-down counter using JK flip-flops is drawn as shown in fig. 

 

PS mode NS required excitations  

Q3 Q2 Q1 M Q3 Q2 Q1 J3 K3 J2 K2 J1 K1 

0 0 0 0 1 1 1 1 x 1 x 1 x 

0 0 0 1 0 0 1 0 x 0 x 1 x 

0 0 1 0 0 0 0 0 x 0 x x 1 

0 0 1 1 0 1 0 0 x 1 x x 1 

0 1 0 0 0 0 1 0 x x 1 1 x 

0 1 0 1 0 1 1 0 x x 0 1 x 

0 1 1 0 0 1 0 0 x x 0 x 1 

0 1 1 1 1 0 0 1 x x 1 x 1 

1 0 0 0 0 1 1 x 1 1 x 1 x 

1 0 0 1 1 0 1 x 0 0 x 1 x 

1 0 1 0 1 0 0 x 0 0 x x 1 

1 0 1 1 1 1 0 x 0 1 x x 1 

1 1 0 0 1 0 1 x 0 x 1 1 x 

1 1 0 1 1 1 1 x 0 x 0 1 x 

1 1 1 0 1 1 0 x 0 x 0 x 1 

1 1 1 1 0 0 0 x 1 x 1 x 1 
 

 

Step4: obtain the minimal expressions: From the excitation table we can conclude that J1=1 and 

K1=1, because all the entries for J1and K1 are either X or 1. The K-maps for J3, K3,J2 and K2 

based on the excitation table and the minimal expression obtained from them are shown in fig. 



 

00 01 11 10 

Q3Q2  Q1M 

1 

1 

X X X X 

X X X X 
 

 

Step5: draw the logic diagram: a logic diagram using those minimal expressions can be drawn as 

shown in fig. 
 

 

 

Design of a synchronous modulo-6 gray cod counter: 

 
Step 1: the number of flip-flops: we know that the counting sequence for a modulo-6 gray code 

counter is 000, 001, 011, 010, 110, and 111. It requires n=3FFs (N≤2n, i.e., 6≤23
). 3 FFs can have 

8 states. So the remaining two states 101 and 100 are invalid. The entries for excitation 
corresponding to invalid states are don‘t cares. 

Step2: the state diagram: the state diagram of the mod-6 gray code converter is drawn as shown 

in fig. 
 



 

Step3: type of flip-flop and the excitation table: T flip-flops are selected and the excitation table 

of the mod-6 gray code counter using T-flip-flops is written as shown in fig. 

 

 

PS 

  

NS 

 required 

excitations 

Q3 Q2 Q1 Q3 Q2 Q1 T3 T2 T1 

0 0 0 0 0 1 0 0 1 

0 0 1 0 1 1 0 1 0 

0 1 1 0 1 0 0 0 1 

0 1 0 1 1 0 1 0 0 

1 1 0 1 1 1 0 0 1 

1 1 1 0 0 0 1 1 1 
 

Step4: The minimal expressions: the K-maps for excitations of FFs T3,T2,and T1 in terms of 

outputs of FFs Q3,Q2, and Q1, their minimization and the minimal expressions for excitations 

obtained from them are shown if fig 
 

Step5: the logic diagram: the logic diagram based on those minimal expressions is drawn as 

shown in fig. 
 

 

 



Design of a synchronous BCD Up-Down counter using FFs: 

 

Step1: the number of flip-flops: a BCD counter is a mod-10 counter has 10 states (0000 through 

1001) and so it requires n=4FFs(N≤2n,, i.e., 10≤24
). 4 FFS can have 16 states. So out of 16 states, 

six states (1010 through 1111) are invalid. For selecting up and down mode, a control or mode 
signal M is required. , it counts up when M=1 and counts down when M=0. The clock signal is 
applied to all FFs. 

 

Step2: the state diagram: The state diagram of the mod-10 up-down counter is drawn as shown   

in fig. 
 

Step3: types of flip-flops and excitation table: T flip-flops are selected and the excitation table of 

the modulo-10 up down counter using T flip-flops is drawn as shown in fig. 

 
The remaining minterms are don‘t cares(∑d(20,21,22,23,24,25,26,37,28,29,30,31)) from 

the excitation table we can see that T1=1 and the expression for T4,T3,T2 are asfollows. 
T4=∑m(0,15,16,19)+d(20,21,22,23,24,25,26,27,28,29,30,31) 
T3=∑m(7,15,16,8)+d(20,21,22,23,24,25,26,27,28,29,30,31) 

T2=∑m(3,4,7,8,11,12,15,16)+d(20,21,22,23,24,25,26,27,28,29,30,31) 
 

PS  

 

mode 

NS  

 

required excitations 

Q4 Q3 Q2 Q1 M Q4 Q3 Q2 Q1 T4 T3 T2 T1 

0 0 0 0 0 1 0 0 1 1 0 0 1 

0 0 0 0 1 0 0 0 1 0 0 0 1 

0 0 0 1 0 0 0 0 0 0 0 0 1 

0 0 0 1 1 0 0 1 0 0 0 1 1 

0 0 1 0 0 0 0 0 1 0 0 1 1 

0 0 1 0 1 0 0 1 1 0 0 0 1 

0 0 1 1 0 0 0 1 0 0 0 0 1 

0 0 1 1 1 0 1 0 0 0 1 1 1 

0 1 0 0 0 0 0 1 1 0 1 1 1 

0 1 0 0 1 0 1 0 1 0 0 0 1 

0 1 0 1 0 0 1 0 0 0 0 0 1 

0 1 0 1 1 0 1 1 0 0 0 1 1 

0 1 1 0 0 0 1 0 1 0 0 1 1 

0 1 1 0 1 0 1 1 1 0 0 0 1 

0 1 1 1 0 0 1 1 0 0 0 0 1 

0 1 1 1 1 1 0 0 0 1 1 1 1 

1 0 0 0 0 0 1 1 1 1 1 1 1 

1 0 0 0 1 1 0 0 1 0 0 0 1 

1 0 0 1 0 1 0 0 0 0 0 0 1 

1 0 0 1 1 0 0 0 0 1 0 0 1 



Step4: The minimal expression: since there are 4 state variables and a mode signal, we require 5 

variable kmaps. 20 conditions of Q4Q3Q2Q1M are valid and the remaining 12 combinations are 

invalid. So the entries for excitations corresponding to those invalid combinations are don‘t  
cares. Minimizing K-maps for T2 we get 

T 2= Q4Q1‘M+Q4‘Q1M+Q2Q1‘M‘+Q3Q1‘M‘ 
 

 

Step5: the logic diagram: the logic diagram based on the above equation is shown in fig. 

 
 

 

 

Shift register counters: 
One of the applications of shift register is that they can be arranged to form several types of 

counters. The most widely used shift register counter is ring counter as well as the twisted ring 

counter. 

 

Ring counter: this is the simplest shift register counter. The basic ring counter using D flip-  

flops is shown in fig. the realization of this counter using JK FFs. The Q output of each stage is 

connected to the D flip-flop connected back to the ring counter. 
 

FIGURE: logic diagram of 4-bit ring counter using D flip-flops 
 

Only a single 1 is in the register and is made to circulate around the register as long as clock 

pulses are applied. Initially the first FF is present to a 1. So, the initial state is 1000, i.e., Q1=1, 

Q2=0,Q3=0,Q4=0. After each clock pulse, the contents of the register are shifted to the right by 

one bit and Q4 is shifted back to Q1. The sequence repeats after four clock pulses. The number 



of distinct states in the ring counter, i.e., the mod of the ring counter is equal to number of FFs 

used in the counter. An n-bit ring counter can count only n bits, where as n-bit ripple counter can 

count 2
n 

bits. So, the ring counter is uneconomical compared to a ripple counter but has 

advantage of requiring no decoder, since we can read the count by simply noting which FF is set. 

Since it is entirely a synchronous operation and requires no gates external FFs, it has the further 

advantage of being very fast. 
 

Timing diagram: 
 

 

Figure: state diagram 



Twisted Ring counter (Johnson counter): 
 

This counter is obtained from a serial-in, serial-out shift register by providing feedback 

from the inverted output of the last FF to the D input of the first FF. the Q output of each is 

connected to the D input of the next stage, but the Q‘ output of the last stage is connected to the 

D input of the first stage, therefore, the name twisted ring counter. This feedback arrangement 

produces a unique sequence of states. 

The logic diagram of a 4-bit Johnson counter using D FF is shown in fig. the realization 

of the same using J-K FFs is shown in fig.. The state diagram and the sequence table are shown  

in figure. The timing diagram of a Johnson counter is shown in figure. 

Let initially all the FFs be reset, i.e., the state of the counter be 0000. After each clock 

pulse, the level of Q1 is shifted to Q2, the level of Q2to Q3, Q3 to Q4 and the level of Q4‘to Q1 

and the sequences given in fig. 
 

Figure: Johnson counter with JK flip-flops 

 

Figure: timing diagram 



State diagram:    
 

Excitation table 
 

Synthesis of sequential circuits: 
 

The synchronous or clocked sequential circuits are represented by two models. 
 

1. Moore circuit: in this model, the output depends only on the present state of the flip- 

flops 

2. Meelay circuit: in this model, the output depends on both present state of the flip- 

flop. And the inputs. 

Sequential circuits are also called finite state machines (FSMs). This name is due to the fast that 

the functional behavior of these circuits can be represented using a finite number of states. 

State diagram: the state diagram or state graph is a pictorial representation of the relationships 

between the present state, the input, the next state, and the output of a sequential circuit. The  

state diagram is a pictorial representation of the behavior of a sequential circuit. 

The state represented by a circle also called the node or vertex and the transition between 

states is indicated by directed lines connecting circle. a directed line connecting a circle with 

itself indicates that the next state is the same as the present state. The binary number inside each 

circle identifies the state represented by the circle. The direct lines are labeled with two binary 

numbers separated by a symbol. The input value is applied during the present state is labeled 

after the symbol. 

 
 

  Q1 

 
 

Q2  

 
 

Q3  

 
 

Q4  

after 
clock 

pulse  

0 0 0 0 0 

1 0 0 0 1 

1 1 0 0 2 

1 1 1 0 3 

1 1 1 1 4 

0 1 1 1 5 

0 0 1 1 6 

0 0 0 1 7 

0 0 0 0 8 

  1  0  0  0  9  



  
 

Fig :a) state diagram (meelay circuit) fig: b) state table 
 

In case of moore circuit ,the directed lines are labeled with only one binary number representing 

the input that causes the state transition. The output is indicated with in the circle below the 

present state, because the output depends only on the present state and not on the input. 
 

Fig: a) state diagram (moore circuit) fig:b) state table 
 

Serial binary adder: 
Step1: word statement of the problem: the block diagram of a serial binary adder is shown in 

fig. it is a synchronous circuit with two input terminals designated X1and X2 which carry the  
two binary numbers to be added and one output terminal Z which represents the sum. The inputs 

and outputs consist of fixed-length sequences 0s and 1s.the output of the serial Zi at time tiis a 

function of the inputs X1(ti) and X2(ti) at that time ti-1  and of carry which had been generated at ti- 

1. The carry which represent the past history of the serial adder may be a 0 or 1. The circuit has 
two states. If one state indicates that carry from the previous addition is a 0, the other state 
indicates that the carry from the previous addition is a 1 

NS,O/P 

INPUT X 

  PS  X=0  X=1  

a a,0 b,0 

b b,1 c,0 

c d,0 c,1 

  d  d,0  a,1  

 NS   

INPUT X 

  PS  X=0  X=1  O/P  

a a b 0 

b b c 0 

c d c 1 

  d  a  d  0  



 
 

Figure: block diagram of serial binary adder 

 

Step2 and 3: state diagram and state table: let a designate the state of the serial adder at ti if a 
carry 0 was generated at ti-1, and let b designate the state of the serial adder at ti if carry 1 was 
generated at ti-1 .the state of the adder at that time when the present inputs are applied is referred 
to as the present state(PS) and the state to which the adder goes as a result of the new carry value 
is referred to as next state(NS). 

The behavior of serial adder may be described by the state diagram and state table. 
 

 

 

Figures:  serial adder state diagram and state table 

 
If the machine is in state B, i.e., carry from the previous addition is a 1, inputs X1=0 and X2=1 
gives sum, 0 and carry 1. So the machine remains in state B and outputs a 0. Inputs X1=1 and 
X2=0 gives sum, 0 and carry 1. So the machine remains in state B and outputs a 0. Inputs X1=1 
and X2=1 gives sum, 1 and carry 0. So the machine remains in state B and outputs a 1. Inputs 
X1=0 and X2=0 gives sum, 1 and carry 0. So the machine goes to state A and outputs a 1. The 
state table also gives the same information. 

 
Setp4: reduced standard from state table: the machine is already in this form. So no need to  

do anything 
 

Step5: state assignment and transition and output table: 

The states, A=0 and B=1 have already been assigned. So, the transition and output table is as 

shown. 

PS NS ,O/P   

  X1 X2  

0 

0 

0 

1 

1 

0 

1 

1 

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

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



PS NS    O/P   

0 

  0  

0 

1  

1 

0  

1 

1  

0 

0  

0 

1  

1 

0  

1 

1  

0 0 0 0 1 0 1 1 1 

  1  0  1  1  1  1  0  0  1  
 

STEP6: choose type of FF and excitation table: to write table, select the memory element the 

excitation table is as shown in fig.  
 

PS I/P  NS I/P-FF O/P 

  y  x1  x2  Y  D  Z  

0 0 0 0 0 0 

0 0 1 0 0 1 

0 1 0 0 0 1 

0 1 1 1 1 0 

1 0 0 0 0 1 

1 0 1 1 1 0 

1 1 0 1 1 0 

  1  1  1  1  1  1  
 

Sequence detector: 
Step1: word statement of the problem: a sequence detector is a sequential machine which 

produces an output 1 every time the desired sequence is detected and an output 0 at all other 

times 

Suppose we want to design a sequence detector to detect the sequence 1010 and say that 

overlapping is permitted i.e., for example, if the input sequence is 01101010 the corresponding 

output sequence is 00000101. 

Step2 and 3: state diagram and state table: the state diagram and the state table of the sequence 

detector. At the time t1, the machine is assumed to be in the initial state designed arbitrarily as A. 
while in this state, the machine can receive first bit input, either a 0 o r a 1. If the input bit is 0,  
the machine does not start the detection process because the first bit in the desired sequence    is a 

1. If the input bit is a 1 the detection process starts. 
 

 
 

Figure: state diagram and state table of sequence detector 

PS NS,Z  

  X=0  X=1  

A A,0 B,0 

B C,0 B,0 

C A,0 D,0 

  D  C,1  B,0  



So, the machine goes to state B and outputs a 0. While in state B, the machinery may receive 0 

or 1 bit. If the bit is 0, the machine goes to the next state, say state c, because the previous two 

bits are 10 which are a part of the valid sequence, and outputs 0.. if the bit is a 1, the two bits 

become 11 and this not a part of the valid sequence 

Step4: reduced standard form state table: the machine is already in this form. So no need to 

do anything. 
Step5: state assignment and transition and output table: there are four states therefore two 

states variables are required. Two state variables can have a maximum of four states, so, all 

states are utilized and thus there are no invalid states. Hence, there are no don‘t cares. Let 

a=00, B=01, C=10 and D=11 be the state assignment. 

 
 NS(Y1Y2)  O/P(z)  

  PS(y1y2  X=0  X=1  X=0  X=1  

A= 0 0 0 0 0 1 0 0 

B=0 1 1 0 0 1 0 0 

C=1 0 0 0 1 1 0 0 

  D=1 1  1 1  0   1  1  0  
 

Step6: choose type of flip-flops and form the excitation table: select the D flip-flops as 

memory elements and draw the excitation table. 

 
 

PS 

  

I/P 

 

NS 

 INPUTS - 

FFS 

 

O/P 

  y1  Y2  X  Y1 Y2  D1  D2  Z  

0 0 0 0 0 0 0 0 

0 0 1 0 1 0 1 0 

0 1 0 1 0 1 0 0 

0 1 1 0 1 0 1 0 

1 0 0 0 0 0 0 0 

1 0 1 1 1 1 1 0 

1 1 0 1 0 1 0 1 

  1  1  1  0  1  0  1  0  
 

 

Step7: K-maps and minimal functions: based on the contents of the excitation table , draw the 

k- map and simplify them to obtain the minimal expressions for D1 and D2 in terms of y1, y2 

and x as shown in fig. The expression for z (z=y1,y2) can be obtained directly from table 

 

Step8: implementation: the logic diagram based on these minimal expressions 
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                                                  UNIT NO 5 

 – Register Transfer and Microoperations – 

Register Transfer Language 

 Digital systems are composed of modules that are constructed from digital 

components, such as registers, decoders, arithmetic elements, and controllogic 

 The modules are interconnected with common data and control paths to forma 

digital computersystem 

 The operations executed on data stored in registers are calledmicrooperations 

 A microoperation is an elementary operation performed on the information stored 

in one or moreregisters 

 Examples are shift, count, clear, andload 

 Some of the digital components from before are registers thatimplement 

microoperations 

 The internal hardware organization of a digital computer is best defined by 

specifying 

o The set of registers it contains and theirfunctions 
o The sequence of microoperations performed on the binaryinformation 

stored 

o The control that initiates the sequence ofmicrooperations 
 

 Use symbols, rather than words, to specify the sequence ofmicrooperations 

 The symbolic notation used is called a register transferlanguage 

 A programming language is a procedure for writing symbols to specify a given 

computationalprocess 

 Define symbols for various types of microoperations and describe associated 

hardware that can implement themicrooperations 

 

 – Register Transfer 

 

 Designate computer registers by capital letters to denote itsfunction 

 The register that holds an address for the memory unit is calledMAR 

 The program counter register is calledPC 

 IR is the instruction register and R1 is a processorregister 

 The individual flip-flops in an n-bit register are numbered in sequence from 0to 

n-1 

 Refer to Figure 4.1 for the different representations of aregister 
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 Designate information transfer from one register to anotherby 

R2 R1 

 

 This statement implies that the hardware isavailable 

o The outputs of the source must have a path to the inputs of thedestination 

o The destination register has a parallel loadcapability 
 

 If the transfer is to occur only under a predetermined control condition, designate 

it by 

 
or, 

If (P = 1) then (R2  R1) 

 

P: R2  R1, 

where P is a control function that can be either 0 or 1 
 

 Every statement written in register transfer notation implies the presence of the 

required hardwareconstruction 



3  

 
 

 It is assumed that all transfers occur during a clock edgetransition 

 All microoperations written on a single line are to be executed at the same time 

T: R2  R1, R1 R2 
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– Bus and Memory Transfers 

 

 Rather than connecting wires between all registers, a common bus isused 

 A bus structure consists of a set of common lines, one for each bit of aregister 

 Control signals determine which register is selected by the bus duringeach 

transfer 

 Multiplexers can be used to construct a commonbus 

 Multiplexers select the source register whose binary information is then placed on 

thebus 

 The select lines are connected to the selection inputs of the multiplexers and 

choose the bits of oneregister 
 

 

 In general, a bys system will multiplex k registers of n bits each to produce an n- 

line commonbus 

 This requires n multiplexers – one for eachbit 

 The size of each multiplexer must be k x1 

 The number of select lines required is logk 

 To transfer information from the bus to a register, the bus lines are connected to 

the inputs of all destination registers and the corresponding load control line must 

be activated 

 Rather than listing each stepas 
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BUS  C, R1  BUS, 

use R1  C, since the bus isimplied 

 

 Instead of using multiplexers, three-state gates can be used to construct the bus 

system 

 A three-state gate is a digital circuit that exhibits threestates 

 Two of the states are signals equivalent to logic 1 and0 

 The third state is a high-impedance state – this behaves like an open circuit, which 

means the output is disconnected and does not have a logicsignificance 
 

 The three-state buffer gate has a normal input and a control input which 

determines the outputstate 

 With control 1, the output equals the normalinput 

 With control 0, the gate goes to a high-impedancestate 

 This enables a large number of three-state gate outputs to be connected with wires 

to form a common bus line without endangering loadingeffects 
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 Decoders are used to ensure that no more than one control input is active at any 

giventime 

 This circuit can replace the multiplexer in Figure4.3 

 To construct a common bus for four registers of n bits each using three-state 

buffers, we need n circuits with four buffers ineach 

 Only one decoder is necessary to select between the fourregisters 

 

 

 Designate a memory word by the letterM 

 It is necessary to specify the address of M when writing memory transfer 

operations 

 Designate the address register by AR and the data register byDR 

 The read operation can be stated as: 

Read:   DR M[AR] 

 The write operation can be stated as: 

Write:  M[AR] R1 

 

 – Arithmetic Microoperations 

 

 There are four categories of the most commonmicrooperations: 

o Register transfer: transfer binary information from one register toanother 
o Arithmetic: perform arithmetic operations on numeric data stored in 

registers 
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o Logic: perform bit manipulation operations on non-numeric data storedin 

registers 

o Shift: perform shift operations on data stored inregisters 
 

 The basic arithmetic microoperations are addition, subtraction, increment, 

decrement, andshift 

 Example of addition:  R3  R1+R2 

 Subtraction is most often implemented through complementation andaddition 

 Example of subtraction: R3  R1 + R2 + 1 (strikethrough denotes bar on top – 
1’s complement ofR2) 

 Adding 1 to the 1’s complement produces the 2’scomplement 

 Adding the contents of R1 to the 2’s complement of R2 is equivalent to 

subtracting 
 

 Multiply and divide are not included asmicrooperations 

 A microoperation is one that can be executed by one clockpulse 

 Multiply (divide) is implemented by a sequence of add and shift microoperations 

(subtract andshift) 

 

 To implement the add microoperation with hardware, we need the registers that 

hold the data and the digital component that performs theaddition 

 A full-adder adds two bits and a previouscarry 
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 A binary adder is a digital circuit that generates the arithmetic sum of two binary 

numbers of anylength 

 A binary added is constructed with full-adder circuits connected incascade 

 An n-bit binary adder requires nfull-adders 
 

 The subtraction A-B can be carried out by the followingsteps 

o Take the 1’s complement of B (invert eachbit) 

o Get the 2’s complement by adding1 

o Add the result toA 

 The addition and subtraction operations can be combined into one common circuit 

by including an XOR gate with eachfull-adder 
 

 

 The increment microoperation adds one to a number in aregister 

 This can be implemented by using a binary counter – every time the count enable 

is active, the count is incremented byone 

 If the increment is to be performed independent of a particular register, then use 

half-adders connected incascade 
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 An n-bit binary incrementer requires nhalf-adders 
 

 Each of the arithmetic microoperations can be implemented in one composite 

arithmeticcircuit 

 The basic component is the paralleladder 

 Multiplexers are used to choose between the differentoperations 

 The output of the binary adder is calculated from the followingsum: 

D = A + Y +Cin 
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 – Logic Microoperations 

 

 Logic operations specify binary operations for strings of bits stored in registers 

and treat each bitseparately 

 Example: the XOR of R1 and R2 is symbolizedby 

P:  R1 R1⊕ R2 

 Example: R1 = 1010 and R2 =1100 
1010 Content of R1 

1100 Content of R2 

0110 Content of R1 after P =1 

 

 Symbols used for logicalmicrooperations: 

o OR: 
o AND: 

o XOR: ⊕ 

 The + sign has two different meanings: logical OR andsummation 

 When + is in a microoperation, thensummation 

 When + is in a control function, thenOR 

 Example: 

P + Q: R1  R2 + R3, R4  R5  R6 

 There are 16 different logic operations that can be performed with two binary 

variables 
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 The hardware implementation of logic microoperations requires that logic gates 

be inserted for each bit or pair of bits in theregisters 

 All 16 microoperations can be derived from using four logicgates 
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 Logic microoperations can be used to change bit values, delete a group of bits, or 

insert new bit values into aregister 

 The selective-set operation sets to 1 the bits in A where there are corresponding 

1’s inB 

1010 Abefore 

1100 B (logic operand) 

1110 Aafter 

 

A A B 

 

 The selective-complement operation complements bits in A where there are 

corresponding 1’s inB 

1010 Abefore 

1100 B (logic operand) 

0110 Aafter 

 

A A⊕ B 

 The selective-clear operation clears to 0 the bits in A only where there are 

corresponding 1’s inB 

1010 Abefore 

1100 B (logic operand) 

0010 Aafter 
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A AB 
 

 The mask operation is similar to the selective-clear operation, except that the bits 

of A are cleared only where there are corresponding 0’s inB 

1010 Abefore 

1100 B (logic operand) 

1000 Aafter 

 

A A B 

 

 The insert operation inserts a new value into a group ofbits 

 This is done by first masking the bits to be replaced and then Oring them with the 

bits to beinserted 

01101010 Abefore 

0000  1111 B(mask) 

0000  1010 A aftermasking 

 

00001010 Abefore 

1001  0000 B (insert) 

1001  1010 A afterinsertion 

 

 The clear operation compares the bits in A and B and produces an all 0’s result if 

the two number areequal 

1010 A 

1010 B 

0000 A A⊕B 

– Shift Microoperations 

 

 Shift microoperations are used for serial transfer ofdata 

 They are also used in conjunction with arithmetic, logic, and other data- 

processing operations 

 There are three types of shifts: logical, circular, andarithmetic 

 A logical shift is one that transfers 0 through the serialinput 

 The symbols shland shrare for logical shift-left and shift-right by one position 

R1 shlR1 

 

 The circular shift (aka rotate) circulates the bits of the register around thetwo 

ends without loss ofinformation 

 The symbols ciland cirare for circular shift left andright 
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 The arithmetic shift shifts a signed binary number to the left orright 

 To the left is multiplying by 2, to the right is dividing by2 

 Arithmetic shifts must leave the sign bitunchanged 

 A sign reversal occurs if the bit in Rn-1 changes in value after theshift 

 This happens if the multiplication causes anoverflow 

 An overflow flip-flop Vs can be used to detect the overflow 

Vs = Rn-1 ⊕Rn-2 

 

 

 A bi-directional shift unit with parallel load could be used to implementthis 

 Two clock pulses are necessary with this configuration: one to load the value and 

another toshift 

 In a processor unit with many registers it is more efficient to implement the shift 

operation with a combinationalcircuit 

 The content of a register to be shifted is first placed onto a common bus and the 

output is connected to the combinational shifter, the shifted number is then loaded 

back into theregister 

 This can be constructed withmultiplexers 
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– Arithmetic Logic Shift Unit 

 

 The arithmetic logic unit (ALU) is a common operational unit connected toa 

number of storageregisters 

 To perform a microoperation, the contents of specified registers are placed in the 

inputs of theALU 

 The ALU performs an operation and the result is then transferred to a destination 

register 

 The ALU is a combinational circuit so that the entire register transfer operation 

from the source registers through the ALU and into the destination register can be 

performed during one clock pulseperiod 
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