Fall 2016 - Digital Logic
Lecture — 11 - Chapter 5

Outline

e sequential circuits
* storage elements: latch and flip-flop

* Sequential circuit analysis

- Moore and Mealy Models
- State tables
- State diagrams
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Fall 2016 - Digital Logic

Introduction to Sequential Circuits

® A Sequential circuit contains:

® Storage elements:
Latches or Flip-Flops

® (Combinational Logic:

Implements a multiple-output switching
function

Signals from the outside are inputs.

Signals to the outside are outputs.

Other inputs, State or Present State, are signals
from storage elements.

The remaining outputs, Next State are in-
puts to storage elements.

Inputs Outputs
#
Combinational
Storage Logic
Elements
Next
State State
.

CS 2420 - Husain Gholoom - lecturer Page 2



Fall 2016 - Digital Logic

e Combinatorial Logic

Inputs

Storage
Elements

Combinational
Logic

State

Next
State

Outputs

® Next state function
Next State = f(Inputs, State)

® Qutput is a function of inputs and State.
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Fall 2016 - Digital Logic

Storage element

e Storage elements: devices
capable of storing binary information

flip-flop: used in clocked sequential
circuit, storing one bit of information: state

The flip-flop 1s updated when a pulse
of the clock signal occurs.

Latch: basic component of flip-flop.

Inputs ——> » Outputs
Combinational
circuit

Y
Y.

Flip-flops

Y

Clock pulses

(a) Block diagram

(b) Timing diagram of clock pulses
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Basic (NAND) S - R ( Set-Reset latch )Latch

¢ “Cross-Coupling” two NAND

gates gives the S'-R'
( Set — Reset ) Latch:

Which has the

time sequence behavior:

S (set)

R (reset)

Pl

S=0,R=01s forbidden as input pattern

Q Q Comments

? ? | Forour example, initial state unknown and we don't care

1 0 | RandSare “activelow”: forceQtoal(andQ’toa 1)

1 0 | Nochange: KeepQasitis,al

0 1 |ForceQtoa0(andQ'toal)

0 1 | Nochange: KeepQasitis,a0

1 1 | Forbiddenbecausebothoutputsgotol

Sequence
R
—qS —
1
1
1
—4R —— ;
1
SR 0
y
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D Latch

¢ Adding an inverter

to the S-R Latch, D —
gives the D Latch

.

En ]

L, © :

(shown with an

enable input)

The graphic symbol for a D Latch is:

The enable input often acts
as the clock.

— En O

e Note that there are D
no “indeterminate”
states!

© f 0 2 0 f4

En Next state of Q

>0

-

Q = 0; reset state

D
X | Nochange
0
1 | Q= 1;setstate D Q D Q
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Edge-Triggered D Flip-Flop

e The edge-triggered D flip-flop is the master-slave D
flip-flop

1)t ) D —Q
D latch D latch

(master) (slave)
En En

Clk {>o

* The change of the D flip-flop output is associated
with the negative (positive) edge at the end of the

pulse
D Flip-Flop
—1p L ——D -
D Qt+1)
0 |0 Reset
—PCk  p— D> Ck - p I (1 Set
(2) Negative-edge (a) Positive-edge
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Sequential Circuit Analysis

e (General Model

e (Current State Inputs Outputs
at tlme (t) 1S Combinational
stored 1n Storage Logic
ﬂip-ﬂOpS. Elements
Next
State State
N

e Next State at time (t+1) 1s a Boolean function of
State and Inputs.

e Qutputs at time (t) are a Boolean function of State
(t) and (sometimes) Inputs (t).
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Moore and Mealy Models

e Sequential Circuits or Sequential Machines are also
called Finite State Machines (FSMs). Two formal mod-

els exist:

Mealy Model

AND states

* Named after G. Mealy
= Qutputs are a function of inputs

Moore Model

* Named after E.F. Moore
* QOutputs are a function ONLY
of states

Mealy Machine

Inputs ———
———

Ir.'pu.'s -—_—

L
3 Next Sate State Otllplll ’_711.'})11-'5
(ombmatfonal — Regéster —1—> Combinational > (Mealy-type)
Logic Logiéc
Clock J
(a)
Moore Mackine
Next Sate i Ouiput O, "
Combinational — R,im“ - —_— Combinational — (\;z_:;jnpg )
. Logéc 'Qést Logic :
Clock J

(b)
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Example 1

e Input: X

e Output: y

o State: (A, B)

What is the Output
Function?

What 1s the Next State

Function?

Mealy or Moore?

L
X_I j—'_:\_i >{p Q—L
—c QDTA'
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Example 1 (continued)

Step 1:

e Input flip-flop equations:

-
Ds=Ax+Bx 1 D“—D_D a
Dl

>

DB:A,X — D a A
Next State T
Step 2: |
e State equations: . 1 D Q —l—s
A(t+1) = Da=Ax+Bx < pc @

B(t+1) = De=A’ x

0y

Output equations:
y — X, (B + A) Output

Step 3:

e State Table and State Diagram
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State Table Characteristics

® State table — a multiple variable table with the following
four sections:

® Present State — the values of the state variables for
each allowed state.

® Input — the input combinations allowed.

® Next-state — the value of the state at time (t+1)
based on the present state and the input.

® Output — the value of the output as a function of the
present state and (sometimes) the input.

® (onsidered as a truth table:
® the inputs are Input, Present State

® and the outputs are Output, Next State
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Examplel: State Table.

® The state table can be filled in using state equations and
output equations:

A(t+1) = Da=A(t)x()+B(t)x(t) -
B(t+1) = De=A(t)'x(t) X DN
y(t) = x(t)' (B(t) + A(t)) 1 ST

N State __> c Q _o—

! _D D Q—LB
N(QZPS—0—>C Q'
==y
Present Statg Input | Next State | Output

A(t) B(t) X(t) JA(t+1) Bt+1)]  y(t)

0 0 0 0 0 0

0 0 1 0 1 0

0 1 0 0 0 1

0 1 1 1 1 0

1 0 0 0 0 1

1 0 1 1 0 0

1 1 0 0 0 1

1 1 1 1 0 0
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State Diagrams

® The sequential circuit function can be represented in

graphical form as a state diagram with the following
components:

® A circle with the state name in it for each state

o A directed arc from the Present State to the Next
State for each state transition

® A label on each directed arc with the Input values
which causes the state transition, and

o A label:

- On each directed arc with the output value
produced (Mealy), or

- On each circle with the output value pro-
duced (Moore)

CS 2420 - Husain Gholoom - lecturer Page 14



Fall 2016 - Digital Logic

Example 1: State Diagram

® On directed arc with the output included:

- input/output

- Mealy type output depends on state and input

Present State ‘ Input Next State | Output

B, Xo | Aw1 | B | Ve

0 0 @ 0 0 0
o o/ Q 1 |o
0 1 0 0 0 1
0 1 1 1 1 0
1 0 0 0 0 1
1 0 1 1 0 0
D ©® 1
1 1 1 1 0 0
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Example 2

O Input: X,y

O Output: Z

O State: A

O What i1s the Output
Function?

O What 1s the Next State

DL

>(

Clock

Function?

O Mealy or Moore?
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Example 2 (continued)

Step 1:

e Input flip-flop equations:
Da=x@y®A

Step 2:

® State equations:
A(t+1) =Da=x®yDA
Output equations:
Z(t)=A(t)

Step 3:

e State Table and State Diagram

D
Y—

—PpC

Clock
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Example2: State Table

® The state table can be filled in using state equations and
output equation:

At+1) =Da=x(t)@y(t)® A(t)
Z(t)=A(t)

Present Next
state  Inputs state Output

A XY A Z

0 0 0 0 0
0 0 1 1 0

0 10 1 0
0 11 0 0 0,11 @ 00.11

I 0 0 I l
1 0 1 0 l
I [ 0 0 l
1 | 1 I
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Example 2: State Diagram

¢ On circle with output included:
- state/output

- Moore type output depends only on state

01.10
00,11 @ 00.11
01. 10
Present
state
A

Next
Inputs state Output

XY A Z

0

0 0 0 0
0 1 1 0
1 0 1 0
1 1 0 0
0 0 1 1
0 1 0 1
1 0 0 1
11 1 1
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