Sequential Circuit



i Combinational Logic

A Combinational Logic:
A Output depends only on current input
A Has no memory
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i Sequential Logic

A Sequential Logic:

A Output depends not only on current input
but also on past input values, e.qg., design
a counter

A Need some type of memory to remember
the past input values
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Sequential Circuits
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i Sequential Logic: Concept

A Sequential Logic circuits remember past
inputs and past circuit state.

A Outputs from the system are
“fed back” as new inputs
A With gate delay and wire delay
A The storage elements are circuits that

are capable of storing binary
information: memory.
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i Synchronous vs. Asynchronous

There are two types of sequential circuits:

A Synchronous sequential circuit: circuit
output changes only at some discrete instants
of time. This type of circuits achieves
synchronization by using a timing signal
called the clock.

A Asynchronous sequential circuit: circuit
output can change at any time (clockless).
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Flip flops as state memory

i Synchronous Sequential Circuits:

Inputs ——m o » Outputs
Combinational

circuit o

Flip-flops

Clock pulses

(a) Block diagram

(b) Timing diagram of clock pulses
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Synchronous Clocked Sequential
Circuit

A sequential circuit may use many flip-flops to store as many
bits as necessary. The outputs can come either from the
combinational circuit or from the flip-flops or both.

Inputs —— =

. . . - Cdutpuls
Combinational
circult
- o

Flip-flops

Clock pulses

{a) Block diagram

(b)) Timing diagram of clock pulscs

Fig. 5-2 Svnchronous Clocked Sequential Circuit



5-2 Latches SR Latch

The SR latch is a circuit with two cross-coupled NOR gates or
two cross-coupled NAND gates. It has two inputs labeled S
for set and R for reset.

0 R (reset) 0 5 R 00
: I 01 0

" 0 0 1 0 (after§=1,R=10)
| ><‘=H 01 0 1

0 0 0 | lafterS=0,R=1)
)’
0 S (set) ¢ I 170 0

(a) Logic diagram (b) Function table

Fig. 5-3 SR Latch with NOR Gates



SR Latch with NAND Gates

S (set) —— SRQQ
L [ 0 0 1
[ 10 1 (after§=1,R=10)
= 01 10
ST D0 (atterS=0.R=1)
R (reset) Cloo 1
(a) Logic diagram (b) Function table

Fig. 5-4 SR Latch with NAND Gates



SR Latch with Control Input

The operation of the basic SR latch can be modified by
providing an additional control input that determines when
the state of the latch can be changed. In Fig. 5-5, it consists
of the basic SR latch and two additional NAND gates.

\) )
O
D: - C § R Nextstate of Q
0 No change

: 0 ' No change
T Qr |
R :

0
0 1 © =0;Resetstate
(a) Logic diagram

1 0 ©Q=I;setstate
| 1 Indeterminate |

(b) Function table

Fig. 5-5 SR Latch with Control Input



D Latch

One way to eliminate the undesirable condition of the
indeterminate state in SR latch is to ensure that inputs S
and R are never equal to 1 at the same time in Fig 5-5. This

is done in the D latch.

D "
) 0,

(a) Logic diagram

Fig.5-6 D Latch

| )

C D | Nextstate of Q

0 No change
[ 0 @ =0:Resetstate
[ 1 ©=LSetstate

(b) Function table
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i Graphic Symbols for latches

A latch is designated by a rectangular block with inputs on
the left and outputs on the right. One output designates the

normal output, and the other designates the complement
output.

— S — — S — —D

SR SR D

Fig. 5-7 Graphic Symbols for Latches 13



i 5-3 Flip -Flops

C The state of a latch or flip-flop is switched by a change in
the control input. This momentary change is called a

trigger and the transition it cause is said to trigger the flip-
flop.

C The latch with pulses in its control input is essentially a
flip-flop that is triggered every time the pulse goes to the
logic 1 level.

C As long as the pulse input remains in the level, any
changes in the data input will change the output and the
state of the latch.
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i Clock Response In Latch

In Fig (a) a positive level response in the control input
allows changes, in the output when the D input changes
while the clock pulse stays at logic 1.

JEEpEEpEN

(a) Response to positive level
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i Clock Response in Flip -Flop
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(b) Positive-edge response
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(¢) Negative-edge response

5
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i Types of Flip Flop

A SR Flip-Flop

A D Flip-Flop
A JK Flip-Flop

A T Flip-Flop
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SR Flip Flop

A SR flip-flop operates with only positive clock transitions or
negative clock transitions. Whereas, SR latch operates with
enable signal. The circuit diagram of SR flip-flop is shown in the
following figure:

)
e

R

Q(t)

Clk

Q(t)

)
__
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* Block Diagram SR Flip Flop

Block Diagram

,l

$ Qutputs
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Truth Table SR Flip -Flop

- S-RI flip-flop: on the triggering edge of the clock
pulse,
*¢» S=HIGH (and R=LOW) = SET state
** R=HIGH (and S=LOW) = RESET state
¢» both inputs LOW = no change
*» both inputs HIGH = invalid

® Characteristic table of positive edge-triggered S-R
flip-flop:

S R CLK Q(t+7) Comments
0 0 X Q) No change
o 1 T 0 Reset

1 0 T 1 Set

1 1 T ? Invalid

X = irrelevant (“don’t care”)

T = clock transition LOW to
HIGH

Explain the expression: Q(t+1)=S+RN)(t)
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Ch. Table for SR Flip -Flop

= = = =) O O O o W

Present Inputs

R =, O O = = O O X

Present State

Q(t)
0

H O R O R O K

Next State

Qt+1)
0

1
0
0
1
1
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Ch. Table for SR Flip -Flop

By using three variable K-Map, we can get the simplified expression for
next state, Q(t+1). The three variable K-Map for next state, Q(t+1) is

RQ(T)
S OO0 01 11 10
O 1
1 1 1 X XL - - S

R'Q(t)

=) Q(t+1)=S+RN(t)
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i JK Flip -Flop

A There are three operations that can be performed with a
flip-flop: set it to 1, reset it to 0, or complement its output.
The JK flip-flop performs all three operations.

A The J input sets the flip-flop to 1, the K input resets it to 0,
and when both inputs are enabled, the output is
complemented.
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Circuit & BD JK Flip -Flop
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Ch. Table JK Flip -Flop

_ Output
Trigger | Inputs
Present State | Next State | Inference
CLK J | K Q Q' Q Q'
m X X Latched
0 1 0 1
[ 0 0 No Change
. 1 0 1 0
0 1 0 1
[ 0 1 Reset
. 1 0 0 1
0 1 1 0
[ 1 0 Set
1 1 0 1 0
0 1 1 0
1 1 1 Toggles
m 1 0 0 1

Explain the expression: Q(t+1)=J Q’ (t ) + K" Q(
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i T Flip -Flop

A The T flip flop has only toggle and hold operations.

A In the toggle mode output will be complemented from 1 to
0 and vice versa.
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Circuit & BD T Flip -Flop
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i Ch. Table T Flip -Flop

T clock Q a status
0 | 11Q|Q |how
1 T Q | Q |ToGoL

Explain the Ch. Eqn.:
Q(t+1)=T'Q(t)+TQ(t)" =TS Q(t)
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i D Flip -Flop

A D flip flop is also called as DATA or delay flip flop & it is
stores a bit of data.

A In the D flip flop output is exactly same as the input.

A The D-type flip-flop is a modified Set-Reset flip-flop with the
addition of an inverter to prevent the S and R inputs from
being at the same logic level.

A D flip-flops can be used in registers, shift registers and some
of the counters.
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Circuit & BD T Flip -Flop

+
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i Ch. Table T Flip -Flop

Inputs Qutputs

D CLK @ @ Comments

1 1 0 | SET
t 1 RESET

Explain the Ch. Eqn.:

Q(t+1)=D
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Excitation Table of Flip

Qity | Q(r+1) K
0 0 0 X
() | | A
| 0 X ]
| I X 0

(a) J-K Flip flop

Qity | Que+l) | D
] (] 0
] I 1
I (0 0

|

|

(¢) D Flip flop

-Flop

Qiity | Qft+1) R
0 0 X
() ] | 1]
I 0 0 |
I I ]

(b} 5-R Flip flop

Qit) | Qit+1) T
[ 0 (0
() 1 |
I 0 |
1 | |

(d) T Flip flop
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FUP-FLOP FLIP-FLOP CHARACTERISTIC CHARACTERISTIC EXCITATION

NAME SYMBOL TABLE EQUATION TABLE
S R | Qlnext) Q Qlnext) | S R
—1° L 0 0 - Q " . 70 == ‘(A)L—>_0_;(_
SR —DCik 0 0 Qlaext) = 3100 0 1 1 0
e I 1 0 1 1 0 0 1
11 NA - A SER N b
J K| Qlnext) Q Qilnext) | J K
—S=e 0 0 (9) 0 0 0 X
IK —Ben 0 1 0 Qnext) =JQ +K'Q 0 1 1 X
! 1 0 1 | 0 X 1
K ==
| Q 5 Q’ 1 1 X 0
. Q Qlnext) | D
—p ol D | Qlnexf) o b "
D —b ik 0 0 O(next) = D 0 1 1
3 | 0 0
|
= 1 1 1,
Q Qilnext) | T
—Ir Q | T Q(nexf} 0 0 0
3 5 —p Clk 0 O Qnext) =TQ "+ T'Q 0 1 1
: : 1 0 1
>— 1 C
= 2 1 1 0
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i Master Slave Flip -Flop

The first latch is called the master and the second the slave.
The circuit samples the D input and changes its output Q
only at the negative-edge of the controlling clock.

D D

C

1D latch
(master)

Y

CLK

>

D )
D latch
(slave
C )
D 110011..
Y 110011..
Q ?211001..

Fig. 5-9 Master-Slave D Flip-Flop

ck [ L U LT LT L
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Conversion Method From one F/F to another

a  The steps for converting one flip-flop to the other are as follows.
A Step 1: Consider the characteristic table of desired flip-flop.

A Step 2: Fill the excitation values inputs of given flip-flop for each combination of

present state and next state. The excitation table for all flip-flops is shown below.

Present Next SR flip-flop inputs D flip-flop JK flip-flop inputs T flip-flop
State State input input
Q (1) Qt+l) s R D J K T
0 0 0 X 0 0 X 0
0 1 1 0 1 1 X 1
1 0 0 1 0 X 1 1
1 1 X 0 1 X 0 0
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Conversion Method From one F/F to another

A Step 3: Get the simplified expressions for each excitation input. If necessary, use K
maps for simplifying.

A Step 4: Draw the circuit diagram of desired flip-flop according to the simplified
expressions using given flip-flop and necessary logic gates.
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SR Flip -Flop to other Flip -Flop Conversions

¢ Following are the three possible conversions of SR flip-flop to
other flip-flops.

» SR flip-flop to D flip-flop
» SR flip-flop to JK flip-flop

» SR flip-flop to T flip-flop
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SR Flip -Flop to D Flip -Flop Conversions

= STEP 1: Here, the given flip-flop is SR flip-flop and the desired flip-
flop is D flip-flop. Therefore, consider the following characteristic
table of D flip-flop.

D flip-flop input Present State Next State

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



SR Flip -Flop to D Flip -Flop Conversions

=> STEP 2: Write down the excitation values of SR flip-flop for each
combination of present state and next state values. The following
table shows the characteristic table of D flip-flop along with the
excitation inputs of SR flip-flop.

D flip-flop Present Next State SR flip-flop inputs

input State
D Q (V) Q(t+1) S R
0 0 0 0 X
0 1 0 0 1
1 0 1 1 0
1 1 1 X 0
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SR Flip -Flop to D Flip -Flop Conversions

= STEP 4: From the hybrid table, we can write the Boolean functions
for each input as below.

S=m2+d3
R=m1+d0

We use 2 variable K-Maps for getting simplified expressions for these
inputs. The k-Maps for S & R are shown below.

K-Map for S K-Map for R
Q(t) Q(t)
DN_O0 1 DN\ 0 1
0 0 X 1 tlo~- D

1 |l1 | x|t} D 1

So, we got S = D & R = D' after simplifying.
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SR Flip-Flop to D Flip -Flop Conversions

=> STEP 4: The circuit diagram of D flip-flop is shown in the following

figure.
D - = L Qt)
: SR :
: -\f- oD Flip-Flop :
7y | L Q(t)
D Flip-Flop ! R :
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D Flip -Flop to other Flip -Flop Conversions

¢ Following are the three possible conversions of D flip-flop to other
flip-flops.

» D flip-flop to SR flip-flop
» D flip-flop to JK flip-flop

» D flip-flop to T flip-flop
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T Flip -Flop to other Flip -Flop Conversions

¢ Following are the three possible conversions of T flip-flop to other
flip-flops.

» T flip-flop to SR flip-flop
» T flip-flop to JK flip-flop

» T flip-flop to D flip-flop
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JK Flip -Flop to other Flip -Flop Conversions

¢ Following are the three possible conversions of JK flip-flop to other
flip-flops.

» JK flip-flop to SR flip-flop
» JK flip-flop to T flip-flop

» JK flip-flop to D flip-flop
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The J input sets t
and when both in
complemented. T

i JK Flip -Flop

ne flip-flop to 1, the K input resets it to O,
puts are enabled, the output is

Nis can be verified by investigating the

circuit applied to the D input:

D=JQ +K Q

Flip-Flop Characteristic Tables
JK Flip-Flop

— > C
I R " S 4 Q(r + 1)
0 0 Qo(1) No change
gy 0 Reset
1 0 ] Set
(b) Graphic symbol 1 1 Q'(t) Complement
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‘T:“I T Flip -Flop

The T(toggle) flip-flop is a complementing flip-flop and
can be obtained from a JK flip-flop when inputs J and K
are tied together.

D FipyHop T Flip-Fop
T . J
L. D Q1) [ Q)
K P 00 Rt 000 Nochmy
9 101 Complemen

i‘l-l;} F]'ﬂl'l'l JrK I.]ilj‘ﬂ{}rﬁ T ————— —————————— e ————————————————
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i T Flip -Flop

The T flip-flop can be constructed with a D flip-flop and an
exclusive-OR gates as shown in Fig. (b). The expression
for the D input is

D=T® Q=TQ +T°Q

D J

—>C b

¢) Graphic symbol
{b) From D thp-flop [ | \
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i Characteristic Equations

D flip-flop Characteristic Equations
Qt+1)=D

JK flip-flop Characteristic Equations
Qt+1)=1JQ +KQ
T flip-flop Characteristic Equations

Qt+ 1 =T Q=TQ +T°Q
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