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Chapter 5
Synchronous Sequential Logic
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Block diagram of sequential circuit
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Block diagram of combinational circuit
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SR Latch

SR=01 set(Q=1)
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(a) Logic diagram (b) Function table
FIGURE 5.4
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SR = 01 reset (Q = 0)
SR=10 set(Q =1)

S dau set/reset dNASY
) 0 naululKUoulqu

En S R | Nextstate of O
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n Latch aavo:=N1vU 1 0 0 | Nochange
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(a) Logic diagram (b) Function table
FIGURE 5.5

SR latch with control input
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D Latch (Transparent Latch)
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Data_in lo O
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(a) Logic diagram (b) Function table
FIGURE 5.6 {3 D unu SR
D latch D=0 SR =01 (reset)
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FIGURE 5.8
Clock response in latch and flip-flop
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FIGURE 5.10
D-type positive-edge-triggered flip-flop
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D-type positive-edge-triggered flip-flop
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FIGURE 5.10
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D-type positive-edge-triggered flip-flop\
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FIGURE 5.10
D-type positive-edge-triggered flip-flop
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FIGURE 5.11
Graphic symbol for edge-triggered D flip-flop
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JK flip-flop
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(a) Circuit diagram (b) Graphic symbol

FIGURE 5.12
JK flip-flop



T flip-flop

—1> Clk

K o—

(a) From JK flip-flop

FIGURE 5.13
T flip-flop

—1> Clk

(b) From D flip-flop
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(c) Graphic symbol



D Flip-Flop T Flip-Flop
D |Q(t+ 1) T | Q(t+ 1)
0 |0 Reset 0 Q(r) No change
1 1 Set 1 Q' (1) Complement
JK Flip-Flop
J] K | Qi+ 1)
0 0 O(1) No change
0 1 0 Reset
1 0 1 Set
1 1 (i) Complement




Characteristic Equations

The logical properties of a flip-flop, as described in the characteristic table, can be
expressed algebraically with a characteristic equation. For the D flip-flop, we have the

characteristic equation

O(t+1)=D

which states that the next state of the output will be equal to the value of input D in the
present state. The characteristic equation for the JK flip-flop can be derived from the

characteristic table or from the circuit of Fig. 5.12. We obtain

O(t + 1) =JQ' + K'Q

where Q 1s the value of the tflip-flop output prior to the application of a clock edge. The

D

Qt + 1)

0
1

0
1

Reset
Set

Qt+ 1

J
0
0
1
1

0
1

K
0 |00
1
0
1

Q'(1)

No change
Reset

Set
Complement

characteristic equation for the T flip-flop 1s obtained from the circuit of Fig. 5.13:

Ot+1)=T®Q =TQ' + T'Q

T

Qt + 1)

1

()
Q'(n)

No change
Complement
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(b) Graphic symbol

D flip-flop with asynchronous reset
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(b) Function table
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FIGURE 5.15
Example of sequential circuit

input Q¥

ANALYSIS OF CLOCKED
SEQUENTIAL CIRCUITS

A(t + 1) = A(0)x(r) + B(1)x(1)
B(t + 1) = A'(1)x(1)

A(t + 1) = Ax + Bx
B(t+1)=A'x

y(t) = [A(0) + B(D)]x'(1)

y=(A + B)x’



Wasuau input AU
lso positive edge

wWasun

Tﬂble 5-2 ositive edge
ig. 5.15

State Table for Circuit o

Present Next

State Input State Output

A B X A B y

0 0 0 0 0 0

0 0 1 0 1 0 A(t + 1) = Ax + Bx

0 1 0 0 0 1 B(t+1)=A'x

0 1 1 11 0

10 0 0 0 1 y=(A+ B)x’

1 0 ! 10 0 BUWQ x 12V stable ﬁ:na‘)duwmuéau
| 1 0 0 0 1 12IWQ y d:=tdaguaunun
1 1 1 1 0 0




Table 5.3
Second Form of the State Table

Next State Output
Present
State x=0 x=1 =0 x=1 )
WUU Mealy: output ufiu input
A B A B A B y y lJou output Buulduldou
0 0 0 0 0 1 0 0 ' /'\
0 1 0 0 1 1 0 N OIS L N
" @ we 1
| 0 0 0 1 0 | 0 PN A a1u0u 3 6
I 1 0o 0 1 0 1 0 |
1 /0‘ 0/1 1/0
I|| ‘
\ I|I
\
wa 1 01 we 1
A 1 6n AU 2 B9
FIGURE 5.16

) State diagram of the circuit of Fig. 5.15
state diagram Uu19:H1 O cHOusnHavvIn (1+) ucd redundant states



Analysis with D Flip-Flops

e E . Present Next
output uUdsaiu state Wyunu input state  Inputs state
(Dog1vliH output = state Lag vi8d
nseunolU output = f(state, input) A xy A
0 0 0 0
Dy=AdxDy ‘ ) 0 01 1
X D 0 10 1
0 I 1 0
A(I"—l):A@X@y Y ’_/ > Clk 1 00 1
1 0 1 0
1 10 0
Odd function Clock bt
Su input Na: 2 0 (a) Circuit diagram (b) State table

R

ILUU Moore: output Uufu state tNUu IWJuAU input

0011 01,10 )0011

U 1 Wusuoud
o.10 state diagram U0 output
8 state 10U output 139

01 uJumuau

(c) State diagram

FIGURE 5.17 state

Sequential circuit with D flip-flop AstindUdGavIQ state diagram

Py output
LWU Moore lags:unv state ua: output



Analysis with JK Flip-Flops

I
g

X

!

=B K, = Bx'

Kp=A'x + Ax' = A®«x

e l A
> Clk
* T DO T \ K
J
K, = Bx'
Jp=x' l
B 7 J B
—1|> Clk
| DO
Clock Kg=A'x + Ax' = AP«x
FIGURE 5.18

Sequential circuit with JK flip-flop



J,=B K, = Bx'

.]B:Ir KB:A;,Y—f—A,Ir:A@,«Y

J K | Qt+1)

0 0 O(1) No change

0 1 0 Reset

1 0 1 Set

1 1 Q' (1) Complement

At+ 1) =JA" + K'A
B(t+1)=JB + K'B

At + 1) = BA’ + (Bx')' A= A'B + AB' + Ax
Bt+1)=x'B"+ (A®x)B = B'x' + ABx + A'Bx’

\

= (Ax' + A'X)'B

= (Ax')'(A'x)'B

= (A'+x)(A+x')B

= (A'A + A'X' + XA + xx')B
= (A'xX" + xA)B

= ABx + A'Bx’

Qr+1)=JO" + K'QO




Table 5.4
State Table for Sequential Circuit with JK Flip-Flops

Present Next

State Input State state 00 Ad YIUDU O wduwa

wu O, 3, 6, 9, ... U redundant state
A B X A B _
/N 7
0 0 0 0 1 I y _____0______% 11
0 0 1 0 0 S0 * @ s3
0 1 () 1 1 |
0 1 1 1 0 ||" "n
|

1 0 0 1 1 0 | 0 |‘ 0
10 1 10 | |
1 1 0 0 0 'x "
1 1 1 1 1

i
1 1
\_J
ILLWWU Moore
D output



Analysis with T Flip-Flops

> Clk
R

]

Qi+ 1)=T®Q0 =T'0 + TO'

I, = Bx
! B I'p = x
y = AB
> Clk
J A(t +1) = (Bx)'A + (Bx)A' = AB" + Ax' + A'Bx

Bi+1)=x®B

Clock  reset
(a) Circuit diagram

FIGURE 5.20
Sequential circuit with T flip-flops (Binary Counter)



Table 5.5
State Table for Sequential Circuit with T Flip-Flops

state 00 Ad vIUDU 1 udUWQ

Present Next Wu o, 4 8,12, ..
State Input State Output o
0 0
A B X A B y N N
P u,
0 0 0 0 0 0 00/0 : ,@
_ _ @
() (0 I () 1 ()
() | () (0 1 (0 1 1
() 1 1 1 () ()
10 0 10 0 - m
1
1 () 1 1 1 1 o - To
\_/ \/
1 1 () 1 1 1 M
1 | | 0 0 0 WUU Moore

iJ output
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Moore Machine

Inputs em——— Next State

Combinational
Logic

Output
Combinational
Logic

State
Register

Outputs
(Moore-type)

q-

syn. AU clock M
lwagumu input
Clock

In a Moore model, the outputs of the sequential circuit are synchronized with the
clock, because they depend only on flip-flop outputs that are synchronized with the
clock. In a Mealy model, the outputs may change if the inputs change during the clock
cycle. Moreover, the outputs may have momentary false values because of the delay
encountered from the time that the inputs change and the time that the flip-flop outputs
change. In order to synchronize a Mealy-type circuit, the inputs of the sequential circuit
must be synchronized with the clock and the outputs must be sampled immediately
before the clock edge. The inputs are changed at the inactive edge of the clock to ensure
that the inputs to the flip-flops stabilize before the active edge of the clock occurs. Thus,

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




Mealy Machine

Qutput

Combinational

Inputs Next State
Combinational
Logic

State
Register

Outputs
(Mealy-type)

Logic U syn. AV clock M

WJaguau input
Clock

In a Moore model, the outputs of the sequential circuit are synchronized with the
clock, because they depend only on flip-flop outputs that are synchronized with the
clock. In a Mealy model, the outputs may change if the inputs change during the clock
cycle. Moreover, the outputs may have momentary false values because of the delay
encountered from the time that the inputs change and the time that the flip-flop outputs
change. In order to synchronize a Mealy-type circuit, the inputs of the sequential circuit
must be synchronized with the clock and the outputs must be sampled immediately
before the clock edge. The inputs are changed at the inactive edge of the clock to ensure
that the inputs to the flip-flops stabilize before the active edge of the clock occurs. Thus,

the output of the Mealy machine is the value that is present immediately before the
active edge of the clock.
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Figure 5.19



IWWU Mealy

The output is the value that is present immediately
before the active edge of the clock (Lliovon propagation delay)

clock ¢ T ¢ T

Initialize state uan It input 15t state transition 2" input  2nd state transition
lgu state = 00 lwu 0 lu 00 » 00 wu 1 lu 00 - 01
It output invalid 2"d output I invalid
state WUagUrR state Wagurhiy
output 9199: invalid output 9199: invalid
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UIAU output DAdudv output oonlU

It output 2"d output
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ILWWU Mealy
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Input ADUSAAD sensor a1V, dlavAo don't care
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STATE REDUCTION AND ASSIGNMENT

FIGURE 5.25
/1 State diagram
state a a b c d e f f
input 0 1 0 1 0 1 1 0

output 0 0 0 0 0 1 1 0



Table 5.6
State Table

Next State Output
Present State x=0 x=1 x=0 x=1
a a b 0 0
b c d 0 0
c a d 0 0
. d e f 0 1
record 81 ----- > ¢ a f 0 1
uaavd state f g f 0 1
e U g IKUDUAU ----- > a f 0 1
Table 5.7
Reducing the State Table
Next State Output
Present State x=0 x=1 X = x=1
a a b 0 0
191 state g 99NNV record b ¢ Z 0 0
~ : 0 0
ua: r tums ‘ ¢
a: replace g tua1sIVADY e y ) p 0 |
e a f 0 1
f G




Table 5.7
Reducing the State Table

Next State Output
Present State x=0 x=1 x=0 x=1
a a b 0 0
b c d 0 0
c a d 0 0
_____ » d e f 0 1
e a f 0 1
_____ > f e f 0 1
Table 5.8
Reduced State Table
Next State Output
Present State x=0 x=1 X = x=1
a a b 0 0
b C d 0 0
C a d 0 0
d e 0 1
e a 0 1




Table 5.8
Reduced State Table

Next State Output
Present State x=0 x=1 x=0 x=
a a b 0 0
b C d 0 0
C a d 0 0
d e d 0 1
e a d 0 1

FIGURE 5.26
Reduced state diagram



State Assignment

Table 5.9
Three Possible Binary State Assignments

S Assigpment 1, Aszignnéer:lt - Assti)gnn‘ll_fnt 3,  assignment AcvAu MIRTGIVYSEIVAU
tate thary ray Lode ne-Hot wazguunalutiifAu wu one-hot 9199:18
a 000 000 00001 1ubuda (state) uANIT wWAOvISUUIQ
b 001 001 00010 Llanno Wudu
c 010 011 00100
d 011 010 01000
e 100 110 10000
Table 5.10
Reduced State Table with Binary Assignment 1
Next State Output
Present State x=0 x=1 x=0 x=1
a 000 000 001 0 0
b 001 010 011 0 0
c 010 000 011 0 0
d o011 100 011 0 1
e 100 000 011 0 1




DESIGN PROCEDURE

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

Reduce the number of states if necessary.

Assign binary values to the states.

Obtain the binary-coded state table.

Choose the type of flip-flops to be used.

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

S IR S o

Draw the logic diagram.
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IN
OUT

0010011010101 1111101¢01
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FIGURE 5.27
State diagram for sequence detector



Table 5.11
State Table for Sequence Detector

Present Next
State Input State Output

A B X A B y
0 0 0 0 0 0
0 0 1 0 1 0
0 1 0 0 0 0
0 1 1 1 0 0
1 0 0 0 0 0
1 0 1 1 1 0
1 1 0 0 0 1
1 1 1 1 1 1

State assignment LUU binary



? Bx 1? Bx 1?
00 01 11 10 A 00 01 11 10 A 00 01 11 10
m m i, 1, My, m M, m, m, m, M, m,
1 0 1 0
"y ms m m my M my mg my Ms i M
1 1 AAql 1 1 A4l | 1
X J X X
D4=Ax + Bx Dy =Ax + B'x y=AB
At + 1) = Dy(A.B.x) = 3(3.5.7) D, = Ax + Bx
B(t + 1) = Dyg(A.B. x) = 2(1,5,7) Dz = Ax + B'x
y = AB

Y(A,B,x) = 3(6,7)



DA = Ax + Bx
Dy = Ax + B'x
y = AB

FIGURE 5.29
Logic diagram of a Moore-type sequence detector

D A
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ats D flip-flip ? S E—

—— > Clk — Iy S

JK Flip-Flop

—> Clk o——

J K | Qt+ 1) T Flip-Flop
0 0 Q(r) No change T|Qut+1)
(0 1 0 Reset 0 o) No change
1 () l Set | ,
1 Q'(1) Complement
I 1 Q' (1) Complement

JK ua: T mMIAuA set, reset, WoAdUA relative AU previous state
Table 5.12 IUKDDU D Ats1as1owunsu next state [AONUD

Flip-Flop Excitation Tables

Qit) Qit=1)|) K Qit) Q(t=1) T
0 0 0 X 0 0 0
0 1 1 X 0 1 1
1 0 X 1 1 0 1
1 1 X 0 1 1 0

(a) JK Flip-Flop (b) T Flip-Flop



) Qt=1|J K

0 0 0 X

0 1 1 X

Table 5.13 1 0 X 1

State Table and JK Flip-Flop Inputs ! ! X 0

Present Next

State Input State Flip-Flop Inputs

A B X A B Jao Ki Jg Kpg
0 0 0 0 0 0 X 0 X
0 0 1 0 1 0 X 1 X
0 1 0 1 0 1 X X 1
0 1 1 0 1 0 X X 0
1 0 0 1 0 X 0 0 X
1 0 1 1 1 X 0 1 X
1 1 0 1 1 X 0 X 0
1 1 1 0 0 X 1 X 1

ONGKLULAD 15 state diagram o:IsATUS (IUdATY)



Bx A
A 00 01 11 10
m m ny m,
0 1
my M m, mg
A41] X X X X

X
J, = Bx'
B
Bx - A
A 00 01 11 10
my M, my m,
0 1 X X
my mis my mg
A1l 1 X X
M

FIGURE 5.30
Maps for / and K input equations
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FIGURE 5.31
Logic diagram for sequential circuit with JK flip-flops



FIGURE 5.32
State diagram of three-bit binary counter



State Table for Three-Bit Counter

Table 5.14

Next State Flip-Flop Inputs

Present State

Tao

Ta

Ta2




A A A,
00 01 11 10
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0 1
my ms m- mg
1 1

A1A, A1
Ar 00 01 11 10
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0 1 1
my ms m m
Ay< 1l | |
A{l
TAI — A{]

AIA{]. ’é}Ll
ANC 00 o1 11 10
m[] m, m3 H‘lz
o| 1 1 1 1
my s my m
Apx< 1 1 1 | 1
X
Tho=1
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FIGURE 5.34
Logic diagram of three-bit binary counter

4 = A1A
I'y; = Ag
Tq0=1

tH flip Ua (invert)
lWadanouddu 1 Hua






PROBLEMS

5.1

5.2

5.3

5.4

5.5

The D latch of Fig. 5.6 is constructed with four NAND gates and an inverter. Consider the

following three other ways for obtaining a D latch. In each case. draw the logic diagram

and verify the circuit operation.

(a) Use NOR gates for the SR latch part and AND gates for the other two. An inverter
may be needed.

(b) Use NOR gates for all four gates. Inverters may be needed.

(c) Use four NAND gates only (without an inverter). This can be done by connecting
the output of the upper gate in Fig. 5.6 (the gate that goes to the SR latch) to the input
of the lower gate (instead of the inverter output).

Construct a JK flip-flop using a D flip-flop, a two-to-one-line multiplexer, and an inverter.
(HDL—see Problem 5.34.)

Show that the characteristic equation for the complement output of a JK flip-flop is
Q'(tr+1)=J'0" + KQ

A PN flip-flop has four operations: clear to 0, no change, complement, and set to 1, when

inputs P and N are 00,01, 10, and 11, respectively.

(a) Tabulate the characteristic table. (b)* Derive the characteristic equation.

(c) Tabulate the excitation table. (d) Show how the PN flip-flop can be con-
verted to a D flip-flop.

Explain the differences among a truth table, a state table, a characteristic table, and an
excitation table. Also, explain the difference among a Boolean equation. a state equation,
a characteristic equation, and a flip-flop input equation.
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