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Coverage – Lesson2
Outlines the formal procedures for the analysis 
and design of clocked synchronous sequential 
circuits
Operation of various types of flip-flops are 
explained 

Examples are used to discuss the state table 
and state diagram when analyzing sequential 
circuits

Various sequential components such as various 
registers and counters are explained
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Lesson2 – Sequential Circuits

1. Introduction
2. Flip-Flops
3. Triggering of Flip-Flops
4. State Diagram and Minimization
5. Registers 
6. Counters
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1. Introduction
Digital electronics is classified into combinational logic and 
sequential logic Combinational logic output depends on the 
inputs levels, whereas sequential logic output depends on 
stored levels and also the input levels 

Inputs
Combinational 

Circuits Memory
Elements

Block Diagram of a sequential circuit
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Sequential Circuits
The memory elements are devices capable of storing 

binary information
The binary info stored in the memory elements at any 

given time defines the state of the sequential circuit 
The input and the present state of the memory element 

determines the output
Memory elements next state is also a function of external 

inputs and present state
A sequential circuit is specified by a time sequence of 

inputs, outputs, and internal states 
There are two types of sequential circuits - Their 

classification depends on the timing of their signals:
Synchronous sequential circuits
Asynchronous sequential circuits
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Asynchronous Sequential Circuits

This is a system whose outputs depend upon the 
order in which its input variables change and 
can be affected at any instant of time 

Gate-type asynchronous systems are basically 
combinational circuits with feedback paths

Because of the feedback among logic gates, the 
system may, at times, become unstable

Consequently they are not often used 
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Asynchronous Sequential Circuits
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Synchronous Sequential Circuits
This type of system uses storage elements 

called flip-flops that are employed to change 
their binary value only at discrete instants of 
time

Synchronous sequential circuits use logic gates 
and flip-flop storage devices

Sequential circuits have a clock signal as one of 
their inputs

All state transitions in such circuits occur only 
when the clock value is either 0 or 1 or happen 
at the rising or falling edges of the clock 
depending on the type of memory elements 
used in the circuit  
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Synchronous Sequential Circuits (contd..)
Synchronization is achieved by a timing device 

called a clock pulse generator
Clock pulses are distributed throughout the 

system in such a way that the flip-flops are 
affected only with the arrival of the 
synchronization pulse

Synchronous sequential circuits that use clock 
pulses in the inputs are called clocked-
sequential circuits

They are stable and their timing can easily be 
broken down into independent discrete steps, 
each of which is considered separately 
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Synchronous Sequential Circuits (contd..)

A clock signal is a periodic square wave that indefinitely 
switches from  0 to 1 and from 1 to 0  at  fixed  intervals
Clock cycle  time  or  clock  period  is  the  time  interval 
between two consecutive rising or falling edges of the
clock 
Clock Frequency = 1 / Clock cycle time
(measured in cycles per second or Hz)
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2. Flip-Flops
A flip-flop circuit can maintain a binary state 

indefinitely until directed by an input signal to 
switch states

There are many types of flip-flops and the major 
difference between them is the number of 
inputs they posses and the manner they affect 
the output

Basic flip-flop  can be constructed with  cross 
coupled NOR or NAND gates

Each flip-flop has two outputs Q (normal) and Q’
(complement) and two inputs set and reset
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Basic Flip-Flop Circuit using NOR 
Basic flip-flop circuit with NOR gates

S   R    Q    Q’

1 0    1     0

0    0     1     0  (after S=1, R=0)

0    1     0     1

0    0     0     1  (afterS=0, R=1)

1 1     Indeterminate

Truth TableLogic Diagram

Each flip-flop has two outputs Q and Q’ and two inputs SET and 
RESET  and is called RS Flip-Flop or RS Latch

(For analyzing the circuit remember, for NOR gate the output is 0

if any input is 1 and output is 1 if all the inputs are 0) 

Graphic Symbol

S

R Q’

Q
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Operation of RS Flip-Flop
Assume that the SET input is 1 and RESET  
input is 0   
Since gate2 has an input of 1 , its output  Q’
must be 0 , which puts both the inputs of gate1 
to 0, so that output Q is 1
When the SET input is returned to 0 , the 
outputs remain the same , because output Q 
remains a 1, leaving one input of gate2 at 1
This causes output Q’ to stay at 0, which 
leaves both inputs of gate1 at 0, so that output 
Q is a 1
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Operation of RS Flip-Flop (contd..)

In the same manner it is possible to show that 
a 1 in the RESET input changes output Q to 0 
and Q’ to 1
When the RESET input returns to 0 , the 
output do not change
When a 1 is applied to both SET and RESET 
inputs , both Q and Q’ outputs go to 0 , which 
violates the condition that Q and Q’ are the 
complements of each other – hence this 
condition must be avoided



Basic Flip-Flop Circuit using NAND

Output is 1 if any 
input is 0 and 
output is 0 if all 
inputs are 1 

KSB-1601-07 15



KSB-1601-07 16

Clocked  RS Flip-Flop

S

C

R

Q

Q’

X 1
1 X 1

Q
SR

00     01    11     10

0

1

Characteristic Equation
Q( t + 1) = S + R’Q

SR = 0
Logic Diagram

Graphic Symbol

Characteristic Table
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Clocked RS Flip-Flop (contd..)
The clocked SR flip-flop consists of a basic NOR flip-

flop and two AND gates
The outputs of the two AND gates remain at 0 as long 

as the clock pulse (or CP) is 0, regardless of the S 
and R input values

When the clock pulse goes to 1, information from the S 
and R inputs passes through to the basic flip-flop

With both S=1 and R=1, the occurrence of a clock pulse 
causes both outputs to momentarily go to 0

When the pulse is removed, the state of the flip-flop is 
indeterminate, ie., either state may result, depending 
on whether the set or reset input of the flip-flop 
remains a 1 longer than the transition to 0 at the end 
of the pulse 



D Flip-Flop

Logic Diagram with NAND gates

D
Q
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Q(t) D Q(t+1)
0 0 0
0 1 1
1 0 0
1 1 1

0           1

1

1

0

1

Q (t + 1) = D

Characteristic
Equation Graphic Symbol

Characteristic Table
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D Flip-Flop
The D flip-flop is a modification of the clocked 

SR flip-flop
The D input goes directly into the S input and the 

complement of the D input goes to the R input
The D input is sampled during the occurrence of 

a clock pulse
If it is 1, the flip-flop is switched to the set state 

(unless it was already set)
If it is 0, the flip-flop switches to the clear state 
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J K Flip- Flop

1 1

1 1

00      01      11      10

0
1

Q
JK

Logic Diagram

Characteristic Equation
Q( t + 1 ) = JQ’ + K’Q

Graphic Symbol
Characteristic
Table
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J K Flip-Flop (contd..)
A JK flip-flop is a refinement of the SR flip-flop in 

that the indeterminate state of the SR type is 
defined in the JK type

Inputs J and K behave like inputs S and R to set 
and clear the flip-flop (note that in a JK flip-
flop, the letter J is for set and the letter K is for 
clear)

When logic 1 inputs are applied to both J and K 
simultaneously, the flip-flop switches to its 
complement state, ie., if Q=1, it switches to 
Q=0 and vice versa 
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J K Flip-Flop (contd..)

A clocked JK flip-flop is shown in previous slide
Output Q is ANDed with K and CP inputs so that 

the flip-flop is cleared during a clock pulse only 
if Q was previously 1

Similarly, ouput Q' is ANDed with J and CP 
inputs so that the flip-flop is set with a clock 
pulse only if Q' was previously 1  
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J K Flip-Flop (contd..)
Note that because of the feedback connection in 

the JK flip-flop, a CP signal which remains a 1 
(while J=K=1) after the outputs have been 
complemented once, will cause repeated and 
continuous transitions of the outputs

To avoid this, the clock pulses must have a time 
duration less than the propagation delay 
through the flip-flop

The restriction on the pulse width can be 
eliminated with a master-slave or edge-
triggered construction  



T Flip-Flop

1

1

T
Q 0       1

0

1

Logic Diagram

Characteristic
Table

Graphic Symbol
Characteristic Equation
Q(t+1) = TQ’ + T’Q
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T Flip-Flop (contd..)

The T flip-flop is a single input version of the JK 
flip-flop

The T flip-flop is obtained from the JK type if 
both inputs are tied together

The output of the T flip-flop "toggles" with each 
clock pulse 
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3. Triggering of Flip-Flops
The state of a flip-flop is changed by a 

momentary change in the input signal
This change is called a trigger and the transition 

it causes is said to trigger the flip-flop
The basic flip-flop circuits made up of NOR and 

NAND gates require an input trigger defined by 
a change in signal level

This level must be returned to its initial level 
before a second trigger is applied

Clocked flip-flops are triggered by pulses 
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Triggering of Flip-Flops (contd..)
The feedback path between the combinational 

circuit and memory elements in the Block 
diagram of sequential circuit can produce 
instability if the outputs of the memory 
elements (flip-flops) are changing while the 
outputs of the combinational circuit that go to 
the flip-flop inputs are being sampled by the 
clock pulse

A way to solve the feedback timing problem is to 
make the flip-flop sensitive to the pulse 
transition rather than the pulse duration 
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Triggering of Flip-Flops (contd..)
The clock pulse goes through two signal 

transitions: from 0 to 1 and the return from 1 to 0
As shown below the positive transition is defined 

as the positive edge and the negative 
transition as the negative edge  
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Triggering of Flip-Flops (contd..)
The clocked flip-flops already introduced are 

triggered during the positive edge of the pulse, 
and the state transition starts as soon as the 
pulse reaches the logic-1 level

If the other inputs change while the clock is still 
1, a new output state may occur

If the flip-flop is made to respond to the positive 
(or negative) edge transition only, instead of 
the entire pulse duration, then the multiple-
transition problem can be eliminated 
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Master-Slave Flip-Flop
A master-slave flip-flop is constructed from two 

separate flip-flops
One circuit serves as a master and the other as a slave
The logic diagram of an SR flip-flop is shown in next 

slide
The master flip-flop is enabled on the positive edge of 

the clock pulse CP and the slave flip-flop is disabled 
by the inverter

The information at the external R and S inputs is trans-
mitted to the master flip-flop

When the pulse returns to 0, the master flip-flop is 
disabled and the slave flip-flop is enabled

The slave flip-flop then goes to the same state as the 
master flip-flop 
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Timing Relationship
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Master Slave Flip-Flop (contd..)
The timing relationship is shown in the previous 

slide assumed that the flip-flop is in the clear 
state prior to the occurrence of the clock pulse

The output state of the master-slave flip-flop 
occurs on the negative transition of the clock 
pulse

Some master-slave flip-flops change output state 
on the positive transition of the clock pulse by 
having an additional inverter between the CP 
terminal and the input of the master 
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4.State Diagrams and Minimization
Analysis of a sequential circuit consists of 

obtaining a table or a diagram for the time 
sequence of inputs, outputs and internal states

It is also possible to write Boolean expressions 
that describe the behavior of sequential circuit
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Clocked RS Flip-Flop

R

S

Q’

Q

clk

S     R       Q(t+1)

0     0        Q(t)     No Change

0     1         0        Clear to 0

1 0        1         Set  to   1

1     1         ?         Indeterminate
Graphic Symbol

Characteristic Table
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Clocked J-K Flip Flop

J     K       Q(t+1)

0     0        Q(t)     No Change

0     1         0        Clear to 0

1 0        1         Set  to   1

1     1         Q’(t)    ComplementK

J

Q’

Q

clk

Characteristic TableGraphic Symbol
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Clocked  D  Flip-Flop

D

Q’

Q

clk

D       Q(t+1)

0        0     Clear to 0

1        1    Set to 1

Characteristic Table
Graphic Symbol
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Clocked T Flip-Flop

T

Q’

Q

clk

T       Q(t+1)

0        Q(t)     No Change

1        Q’(t)    Complement

Truth TableGraphic Symbol
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Excitation Tables
The characteristic tables of flip-flops specify 
the next state when the inputs and the present 
states are known
During the design of sequential circuits we 
usually know the required transition from 
present state to next state and wish to find the 
flip-flop input conditions that will cause the 
required transition
The table that lists the required input combi-
nations for a given change of state is called 
Excitation table
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Excitation Tables (contd..)

The symbol X indicates that it is don’t care 
condition , which means it does not matter 
whether it is 0 or 1
Reason for don’t care conditions in the excitation 
tables is that there are two ways of achieving 
required transition
Ex: In JK flip-flop transition from present state of 0 
to next state of 0 can be achieved by having J and 
K inputs equal to 0 or by J=0 and K=1. In both 
cases J must be 0 but K can be either 0 or 1  
( don’t care)
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Example of Sequential circuit (contd..)
The input equations are :

DA = A x + B x  (DA is the input of flip-flop A)
DB = A’ x           (DB is the input of flip-flop B)

The external output  y = A x’ + B x’

State table
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State Table
A sequential circuit is specified by a state table
that relates outputs and next states as a 
function of inputs and present states
The state table of the given circuit is shown in 
the previous slide 
State table consists of four sections – present 
state,  input,  next state, and output 
1.Present state: shows states of flip-flops A 
and B at any given time t
2.Input : gives a value of x for each possible 
present  state
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State Table (contd..)

3.Next State: shows the states of flip-flops one 
clock period later at a time t + 1
4.Output: gives the value of y for each present 
state and input condition
The derivation of state table consists of first 
listing all possible binary combinations of 
present state and inputs (000 to 111)  
The next state values are then determined 
from the logic diagram or input equations
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State Table (contd..)
The input equation for flip-flop A is DA = A x + B x
The next state value of each flip-flop is equal to
its D input value in the present state
The  transition  from  present  state  to next state
occurs after application of a clock signal
Next  state of  A  is equal to  1  when the present
state and input values satisfy the conditions
A x = 1 or B x = 1 which makes DA equal to 1
This is shown in the state table with three 1’s
under the column for next state A
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State Table (contd..)

Similarly input equation for flip-flop B is DB = A’ x 
The next state of B in the state table is equal to 1
When  the present state of A  is  0  and input x is 
equal to 1
The output column is derived from the output 
Equation   y = A x’ + B x’
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State Table (contd..)

In general, a sequential circuit with m flip-flops, n 
input variables , and p output variables will 
contain m columns for present state, n columns 
for inputs, m columns for next state and p 
columns for outputs
The present state and input columns are com-
bined and we list 2m+n binary combinations  
( from 0 to 2m+n – 1)    
The next state and output columns are functions 
of the present state and input values and are 
derived directly from the circuit or Boolean 
equations 
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State Diagram
The information available in a state table can 
be represented graphically in a state diagram
In state diagram , a state is represented by a
circle, and the transition between states is 
indicated by directed lines connecting the 
circles
The state diagram of the given  sequential 
circuit is shown on the next slide 
The state diagram provides the same 
information as the state table and is obtained 
form the state table 
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State Diagram of Sequential Circuit



KSB-1601-07 50

State Diagram (contd..)

The binary number inside each circle identifies 
the state of the flip-flops
The directed lines are labeled with two binary 
numbers separated by a slash
The input value during present state is labeled 
first and the number after the slash gives the 
output during the present state
A directed line connecting a circle with itself 
indicates that no change of state occurs 
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State Diagram (contd..)

There is no difference between a state table 
and a state diagram except in the manner of 
representation
State table is easier to derive from a given 
logic diagram 
State diagram follows directly from the state 
table
State diagram gives a pictorial view of state 
transitions and is the form suitable for human 
interpretation of the circuit operation
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Design Procedure
1.The word description of the circuit behavior is 

stated – this may be accompanied by a state 
diagram, a timing diagram or other pertinent 
information

2.From the given information about the circuit, 
obtain the state table

3.The number of states may be reduced by 
state-reduction methods if the sequential 
circuit can be characterized by input-output 
relationships independent of the number of 
states
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Design Procedure (contd..)
4.Assign binary values to each state if the state 

table obtained in step 2 or 3 contains letter 
symbols

5.Determine the number of flip-flops needed and 
assign a letter symbol  to each

6.Choose the type of flip-flop to be used
7.From the state table, derive the circuit 

excitation and output tables
8.Using the map or any other simplification 

method, derive the circuit output functions and 
the flip-flop input functions

9.Draw the logic diagram 
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Design  Example
Design Procedure:

Specification ⇒ State Diagram ⇒ State Table ⇒
Excitation Table ⇒ Karnaugh Map ⇒ Circuit Diagram

Example:  2-bit Counter -> 2 FF's
current                 next  
state       input   state        FF inputs
A   B           x       A   B    Ja Ka  Jb Kb
0   0            0       0    0      0    d    0    d
0   0            1       0    1      0    d    1    d
0   1            0       0    1      0    d    d    0
0   1            1       1    0      1    d    d    1
1   0            0       1    0      d    0    0    d
1   0            1       1    1      d    0    1    d
1   1            0       1    1      d    0    d    0
1   1            1       0    0      d    1    d    1

00

01

10

11

x=0

x=1

x=0

x=1

x=0

x=1
x=0

x=1

A

B

x

Ja

1

d   d
d   d

x
A

B

Ka

d   d
d   d

1

Kb

A

B

x1
1

d
d

d
d

Ja = Bx Ka = Bx Jb = x         Kb = x clock

A

B

x1   d
1   d

d

d
Jb

J     Q
C

K    Q'

J     Q
C

K    Q'

x A B
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Design Procedure
The behavior of the circuit is first formulated in 
a state diagram 
The number of flip-flops needed for the circuit 
is determined from the number of bits listed 
with in the circles of the state diagram
The number of inputs for the circuit is specified 
along the directed lines between the circles 
Assign letters to designate all flip-flops and 
input and output variables and proceed to 
obtain the state table
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Design Procedure (contd..)
For m flip-flops and n inputs, the state table will 
consist of  m columns for present state, n columns 
for inputs, and m columns for next state 
The number of rows in the table will be up to 2m+n

,one row for each binary combination of present 
state and inputs 
For each row we list the next state as specified  
by the state diagram
Next, the flip-flop type to be used in the circuit is 
chosen 
The  state table is then extended in to an 
excitation table for the type of flip-flop in use
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Design Procedure (contd..)

From the information available in this table and by 
inspecting present state-to-next state transitions 
in the state table we obtain the information for the 
flip-flop input conditions  form the excitation table
The truth table for the combinational circuit part of 
the sequential circuit is available in the excitation 
table
The present state and input columns constitute 
the inputs in the truth table
The flip-flop input conditions constitute the outputs 
in the truth table
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Design Procedure (contd..)

By means of map simplification we obtain a set 
of flip-flop input equations for the 
combinational circuit
Each flip-flop input equation specifies a logic 
diagram whose output must be connected to 
one of the flip-flop inputs
The combinational circuit so obtained together 
with the flip-flops , constitute the sequential 
circuit
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Design of Counters

000

101

100

111001

010 110

011

State Diagram of a
three bit counter
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Excitation Table for 3 bit-counter
Present 
State

Next 
State

Flip-Flop Inputs

A2 A1 A0 A2 A1 A0 TA2 TA1 TA0
0 0 0 0 0 1 0 0 1
0 0 1 0 1 0 0 1 1
0 1 0 0 1 1 0 0 1
0 1 1 1 0 0 1 1 1
1 0 0 1 0 1 0 0 1
1 0 1 1 1 0 0 1 1
1 1 0 1 1 1 0 1 1
1 1 1 0 0 0 1 1 1
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Maps for 3-bit binary counter

1
1

1 1
1 1

1 1 1 1
1 1 1 1

TA0 = 1TA1 = A0TA2 = A1A0
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Exercise  
1.A sequential circuit has two D flip-flops A and 

B , two inputs x and y, and one output z. The 
flip-flop input equations and the circuit output 
are as follows :

DA = x’ y + x A
DB = x’ b + x A
z = B

a) Draw the logic diagram of the circuit
b) Tabulate the state table
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Exercise (contd..)
2.Design a 2-bit count  down counter. This is sequential 

circuit with two flip-flops and one input x. When x is 0 
, the state of the flip-flops does not change . When x 
= 1 , the state sequence is 11, 10, 01, 00, 11, and 
repeat

3.Design a sequential circuit with two JK flip-flops A and 
B and two inputs E and x. If E = 0, the circuit remains 
in the same state regardless of the value of x. When 
E=1 and   x=1, the circuit goes through the state 
transitions from 00 to 01 to 10 to 11 back to 00 ,and 
repeat. When E=1 and x=0, the circuit goes through 
the state transitions from 00 to 11 to 10 to 01 back to 
00, and repeat 
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5. Registers
A register is a group of binary cells suitable for 

holding binary information
A group of flip-flops constitutes a register
An n-bit register has a group of n flip-flops and is 

capable of storing n bits
In addition to flip-flops , a register may have 

combinational gates that perform certain data 
processing tasks

Definition: A register consists of a group of flip-
flops and gates that affect their transition



4 bit  Register is  the  simplest possible
register consisting of only D Flip-Flops
Information present at a data input D is
transferred to  the Q output  when  the 
clock pulse  CP  is 1 and when 
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4-bit Register

4 bit  Register is  the  simplest possible
register consisting of only D Flip-Flops

Information present at a data input D is
transferred  to  the Q output  when  the 
control pulse CP is 1, when CP is 0 the 
information remains as it is

CP



KSB-1601-07 67

4-bit Register with parallel load

Transferring new information 
in  to  the  register  is  called 
loading of the register

If  all  the bits of the register 
are  loaded  simultaneously
with  a  single  clock   pulse, 
we say that loading is done
in parallel 

Note that clear signal is not 
Shown in the circuit
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Shift Registers
A register capable of shifting its binary 

information either to the right or to the left is 
called a shift register

A shift register consists of a chain of flip-flops 
connected in cascade with the output of one 
flip-flop connected to the input of the next flip-
flop

All flip-flops receive a common clock pulse that 
causes the shift from one stage to the next
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Simplest shift register using only flip-flops is shown above 
Each clock pulse shifts the  contents of  the register one  bit
position to the right
The  serial  input determines what goes in to the left most 
flip-flop during the shift
Serial  output  is  taken  from  the  output of  the right most 
flip-flop prior to the application of the pulse
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Serial and Parallel Transfer

Serial transfer vs. Parallel transfer
Serial transfer:

Information is transferred one bit at a time,
shifts the bits out of the source register into the destination 

register
Parallel transfer:

All the bits of the register are transferred at the same time
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Example:  Serial transfer from reg A to reg B
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Serial addition using D flip-flops



KSB-1601-07 73

Serial adder using JK flip-flops

JQ =  x y
KQ = x′ y′ = (x + y)′
S = x ⊕ y ⊕ Q
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Circuit diagram
JQ =  x y
KQ = x′ y′ = (x + y)′
S = x ⊕ y ⊕ Q
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Universal Shift Register
Unidirectional shift register: is  a register  that can 

shift in only one direction
Bidirectional shift register: is a register capable of 

shifting both right and left 
Universal shift register:

has both direction shifts & parallel load/out capabilities
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Capability of a universal shift register:
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 the serial input and output lines associated w/ the 
shift right 

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

5. A parallel-load control to enable a parallel transfer and 
the n parallel input lines associated w/ 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 
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Example:  4-bit universal shift register

Parallel outputs
A3 A2 A1 A0

Clear
s1
s2

4-bit universal
shift register

Serial 
input for
shift-leftSerial 

input for
shift-right

CLK

I3 I2 I1
I0

Parallel 
inputs
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Function table

Clear s1 s0 A3
+ A2

+ A1
+ A0

+ (Operation)

0 × × 0      0      0     0 Clear
1 0 0 A3 A2 A1 A0 No change
1 0 1 0      A3 A2 A1 Shift right
1 1 0 A2 A1 A0 0 Shift left
1 1 1 I3 I2 I1 I0 Parallel load
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6. Counters
Counter:

Is a register that goes through a prescribed 
sequence of states upon the application of input 
pulses

Input pulses:  may be clock pulses or 
originate from some external source

Timing:  may occur at a fixed interval of time or 
at random

The sequence of states: may follow 
the binary number sequence ( Binary counter) or
any other sequence of states
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Categories of Counters
Categories of counters

Ripple counters
The flip-flop output transition serves as a source for 

triggering other flip-flops
no common clock pulse (not synchronous)

Synchronous counters:
The CLK inputs of all flip-flops receive a common clock
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Binary Ripple Counter 

Consists  of  a  series connection  of  complementing
Flip-Flops JK,T or D with the output of each Flip-Flop
connected to  the  CP  input  of the next  higher order
Flip-Flop

The Flip-Flop holding the least significant bit receives
the incoming count pulses

In the figure all J and K inputs are equal to 1

Bubble on the CP input indicates negative edge 
triggering

The count sequence is shown on the next slide

The Flip-Flops change one at a time in rapid succession 
and  the signal propagates through the counter in a 
ripple fashion 

Ripple counters are sometimes called asynchronous 
counters
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BCD Ripple Counter
-BCD counter has ten states and returns to 0 after 9
-Needs 4 Flip-Flops
-The states of BCD counter are similar to Binary counter, except that the
state after 1001 is 0000
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BCD Ripple counter

Condition for each Flip-Flop state transition

1.Q1 is complemented on the negative 
edge of every count pulse

2.Q2 is complemented if Q8 = 0 and Q1 
goes from 1 to 0 – Q2 is cleared if
Q8 = 1 and Q1 goes from 1 to 0

3.Q4 is complemented when Q2 goes 
from 1 to 0

4. Q8 is complemented when Q4Q2 = 11
and Q1 goes fro 1 to 0 – Q8 is cleared if
Either Q4 or Q2 is 0 and Q1 goes from 
1 to 0
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Three-decade BCD counter
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Synchronous Counters

Synchronous  counter
A common clock triggers all flip-flops 

simultaneously
Design procedure

Apply the same procedure of synchronous  
sequential  circuits

Synchronous  counter is simpler than general 
sequential  circuits
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4-bit Synchronous Binary Counter
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4-bit Binary Up-Down Binary counter
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BCD counters
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4-bit Binary Counter with Parallel Load
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Example
Generate any count sequence:

E.g.:  BCD counter ⇐ Counter with parallel load 
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Other Counters
Counters:

can be designed to generate any desired sequence 
of states

Divide-by-N counter (modulo-N counter)
a counter that goes through a repeated sequence of 

N states
The sequence may follow the binary count or may 

be any other arbitrary sequence
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n flip-flops ⇒ 2n binary states
Unused states

states that are not used  in specifying the 
sequential circuit

may be treated as don’t-care conditions or 
may be assigned specific next states

Self-correcting counter
Ensure that when a circuit enters one of its 

unused states, it eventually goes into one of 
the valid states after one or more clock pulses 
so it can resume normal operation 
⇒ Analyze the circuit to determine the next 
state from an unused state after it is designed
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Two unused states:  011 & 111
The simplified flip-flop input equations:

JA = B,  KA = B
JB = C,  KB = 1
JC = B′,  KC = 1
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The Logic Diagram & State Diagram 
of the Circuit
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Ring Counter

Ring counter:
Is a circular shift register with only one flip-flop being 

set at any particular time, all others are cleared
(initial value = 1 0 0 … 0 )

The single bit is shifted from one flip-flop to the next 
to produce the sequence of timing signals 



A 4-bit ring counter

A2 A2 A1 A0

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

KSB-1601-07 100



KSB-1601-07 101

Application of counters
Counters may be used to generate timing signals to control 

the sequence of operations in a digital system.
Approaches for generation of 2n timing signals

1.a shift register with 2n flip-flops
2.an n-bit binary counter together with an n-to-2n-line decoder
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Generation of Timing Signals
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Johnson counter

Ring counter vs. Switch-tail ring counter
Ring counter

a k-bit ring counter circulates a single bit among the flip-
flops to provide k distinguishable states.

Switch-tail ring counter
is a circular shift register w/ the complement output of the 

last flip-flop connected to the input of the first flip-flop
a k-bit switch-tail ring counter will go through a sequence 

of 2k distinguishable states. (initial value = 0 0 … 0)
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An example: Switch-tail ring counter
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Johnson counter
a k-bit switch-tail ring counter + 2k decoding 

gates
provide outputs for 2k timing signals

E.g.:  4-bit Johnson counter

The decoding follows a regular pattern: 
2 inputs per decoding gate
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Disadvantages of the switch-tail ring counter
if it finds itself in an unused state, it will persist to 

circulate in the invalid states and never find its way 
to a valid state.

One correcting procedure:   DC = (A + C) B

Summary:
Johnson counters can be constructed for any # of 

timing sequences:
# of flip-flops = 1/2 (the # of timing signals)
# of decoding gates = # of timing signals
2-input per gate
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