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I ntroduction to Sequential Circuits

Inputs Outputs
_ Pl combina- =
= A Sequential tional
circuit contains; | Storage L ogic
| Elementsy
* Storage elements: Next
Latchesor Flip-Flops
State~y ate

* Combinational Logic:

= |mplements a multiple-output
switching function

* |nputsaresignalsfrom theoutside.

= Qutputsaresignalstothe outside.

= Other inputs, State or Present State, are
signals from stor age elements.

= Theremaining outputs, Next Stateare
inputsto storage elements.
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I ntroduction to Sequential Circuits

Inputs Outputs
=»| Combina- [~
tional
Storage .
Elementsd Logic
= Combinatorial Logic Next
* Next state function State~N, ate

Next State = f(Inputs, State)
* Qutput function (Mealy)
Outputs = g(Inputs, State)
* Qutput function (Moore)
Outputs = h(State)
= Qutput function type depends on specification and affects
the design significantly
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Types of Sequential Circuits

= Dependson thetimesat which:
» storage elements observetheir inputs, and
» storage elements changetheir state

= Synchronous

» Behavior defined from knowledge of itssignals at discrete
instances of time

» Storage elementsobserveinputsand can change stateonly in

relation to atiming signal (clock pulsesfrom a clock)
= Asynchronous

» Behavior defined from knowledge of inputs an any instant of
timeand the order in continuoustimein which inputs change

» If clock just regarded as another input, all circuitsare
asynchronous!

* Nevertheless, the synchronous abstraction makes complex
designstractable!
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Discrete Event Simulation

= |n order to understand the time behavior of a
sequential circuit we use discr ete event
simulation.

= Rules:

» Gatesmodeled by an ideal (instantaneous) function
and a fixed gate delay

* Any changein input valuesis evaluated to seeif it
causes a change in output value

» Changesin output values are scheduled for the fixed
gate delay after theinput change

» At thetimefor a scheduled output change, the
output value is changed along with any inputsit
drives
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Simulated NAND Gate

= Example: A 2-Input NAND gatewith a 0.5 ns. delay:

A F(I nstantaneous)
| —emsb—
B —]
= AssumeA and B have been 1 for along time
= At timet=0, A changestoaOat t= 0.8 ns, back to 1.

t(ng)| A B | F(I) F Comment

- |1 1 0| 0 |A=B=1for alongtime
0 |[1=0|1|1<0 0 |F()changestol
0.5 011 1< 0| F changesto 1 after a 0.5 nsdelay
08| 1<0|1|1=>0|1 F(Instantaneous) changesto 0

013 1 1 0 | 1= 0| F changesto O after a 0.5 nsdelay

e s Chapter5-Part1 7

Gate Delay Models

= Suppose gateswith delay n nsare
represented for n=0.2ns,n =0.4ns,
n = 0.5 ns, respectively:

DD
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Circuit Delay M odel

= Consider asimple A

2-input multiplexer:

= With function: &)'
e Y=Afor S=1
- Y=Bfor S=0 O

5

I I I
I | I
| N I

= “Glitch” isdueto delay of inverter
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Storing State

= What if A con- I
nected toY?

= Circuit becomes:

= With function: S
e« Y=BforS=1,and

Y(t) dependenton B

Y(t-0.9) for S=0

< nnw

= Thesimple combinational circuit has now become a
sequential circuit because itsoutput isa function of atime

sequence of input signals!

Logke ana Compitee Dsgigr EYimimenlels 40 Y isstored valuein shaded area —
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Storing State (Continued)

= Simulation example asinput signals change with time.
Changes occur every 100 ns, so that the tenths of nsdelays

arenegligible.

Time| B | S | Y |Comment
1 0 | O |Y“remembers’ 0
1 1 1 |Y=BwhenS=1
1 0 1 |[NowY “remembers’ B=1for S=0
0 0 1 |NochangeinY when B changes
0 1] 0 |Y=BwhenS=1
0 0 | O [Y“remembers’ B=0for S=0

v 1 0 | 0 |NochangeinY when B changes
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= Y represent the state of the circuit, not just an output.
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Storing State (Continued)

= Supposewe place|

an inverter in the
“feedback path.”

S
B
= Thefollowing behavior results:
= Thecircuit issaid B |S|Y Comment
to be unstable. 0O | 1 | 0]Yy=BwhenS=1
. _ 101 |1
F.0r St_ho, tge 1 0 1 |NowY “remembers’ A
circuit hasbecome 14 155 |y 1.1 nslater
What iscalled an 1 | 0 | 1]Y, 11nslater
oscillator. Can be 1 | 0] oY, Linslater

used as crude clock.
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Basic (NAND) S—R Latch

= “Cross-Coupling” S (set) 0
two NAND gates gives
the S-R Latch:

= Which hasthetime R (reset) Q
sequence behavior: _
Time|R[S Comment
1]1]?]| ? [Stored state unknown
1{0[1]0 ["Set" Qtol
. 1(1/1] 0 NowQ “remembers’ 1
=S=0,R=0is 0[1/0] 1 FReset” Q00
forbidden as 1/1/0] 1 Now Q “remembers’ 0
1/1|?]| ? Unstable!
ot s ' Chapter 5-Part1 13

Basic (NOR) S—R Latch

= Cross-couplingtwo R (reset) 0
NOR gates givesthe
S—R Latch:
= Which hasthetime g Q
uence _. =
Eee?]._leRSQQComment
avior. 0| 0| ? | 7? [Stored state unknown
0|1 ]1]0/Is"Qtol
O] 0l1] 0 NowQ"“remembers' 1
1] 00/ 1["Resxt"Qto0
O 1 01 0[] 1 NowQ"“remembers' 0
v 1 1 | 0| O Bothgolow
0 | 0| ?] ? lUnstable!
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Clocked S- R Latch

= Adding two NAND S

gatesto the basic Q

S- R NAND latch c —s¢

givesthe clocked

S—R latch: 6
R

= Hasatime sequence behavior similar to the basic S-R
latch except that the Sand R inputs are only observed
when theline C is high.

= C means"“control” or “clock”.
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Clocked S- R Latch (continued)

= The Clocked S-R Latch can be described by a table:

s Qt) S R Q(t+1) Comment
Q 0 0O 0 No change
© 0 01 0 Clear Q
5 010 1 Set Q
R 0 1 1 ??7? Indeter minate
. 1 0 O 1 No change
» Thetable describes Lo 1 o J
ear Q
what happens after the ; ; 1 Set O
clock [at time (t+1)] 1 1 1| 2?2  Indeterminate

based on:
e current inputs(S,R) and
e current state Q(t).

|ogic and Computer Design Fundamentals, de
PowerPaint™ Slides

o 2008 Pearson Education, Inc. Chapter 5-Part1 16




D Latch

= Adding an inverter p—s
tothe S-R Latch, Q
givestheD Latch: c

= Notethat thereare

Q
no “indeter minate”
states! Thegraphic symbol for a
Q D| Q(t+1) Comment D Latchis:
0 O 0 No change —AD Q[—
0 1 1 Set Q
1 0 0 Clear Q dc ob—
11 1 No Change
e Chepter 5-Part 1 17
Flip-Flops

= Thelatch timing problem

= Master-dlave flip-flop

= Edge-triggered flip-flop

= Standard symbolsfor storage elements
= Direct inputsto flip-flops
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TheLatch Timing Problem

= |n asequential circuit, paths may exist through
combinational logic:
* From one storage element to another
* From a storage element back to the same storage
element
= The combinational logic between a latch output
and alatch input may beassimpleasan
inter connect

» For aclocked D-latch, the output Q dependson
theinput D whenever the clock input C has
valuel
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The Latch Timing Problem (continued)

= Consider the following cir cuit:
LDP D Q Y

ClockH ¢ op-

= Supposethat initially Y = 0.
Clock [ |
Y LI 1
= AslongasC =1, thevalueof Y continuesto change!

= Thechanges are based on the delay present on the loop
through the connection from Y back to Y.

= Thisbehavior isclearly unacceptable.
= Desired behavior: Y changes only once per clock pulse
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The Latch Timing Problem (continued)

= A solution to thelatch timing problemis
to break theclosed path fromY toY
within the storage element

= The commonly-used, path-breaking
solutionsreplace the clocked D-latch
with:
* amaster-dave flip-flop
 an edge-triggered flip-flop
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SR Master-Slave Flip-Flop

= Consistsof two clocked ¢___|

S s |
SR latchesin series c c Q H Q Q
with the clock on the R -
second latch inverted Qp QP—0Q

= Theinput is observed IDQ
by thefirst latchwithC =1

= Theoutput ischanged by the second latch with C =0

= Thepath from input to output is broken by the
differencein clocking values (C = 1 and C = 0).

= Thebehavior demonstrated by the examplewith D
driven by Y given previoudly is prevented sincethe
clock must changefrom 1to 0 beforeachangeinY
based on D can occur.
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Flip-Flop Problem

= Thechangein theflip-flop output isdelayed by
the pulse width which makesthe circuit ower or

= Sand/or R are permitted to changewhileC =1

* Suppose Q =0and Sgoesto 1 and then back to 0 with
R remaining at 0
= The master latch setsto 1
= A listransferred tothedave

* SupposeQ =0and Sgoesto 1 and back toOand R
goesto 1 and back to O
= Themaster latch setsand then resets
= A Qistransferred tothedave

* Thisbehavior iscalled 1s catching
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Flip-Flop Solution

= Use edge-triggering instead of master-slave

= An edge-triggered flip-flop ignoresthe pulse
whileit isat a constant level and triggersonly
during atransition of the clock signal

= Edge-triggered flip-flops can be built directly at
the electronic circuit level, or

= A master-save D flip-flop which also exhibits
edge-trigger ed behavior can be used.
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Edge-Triggered D Flip-Flop

= Theedge-triggered b
D flip-flop isthe °Q > oQrQ
same as the master - c c _
slave D flip-flop Q R_QpP—@

= |t can beformed by:
* Replacing thefirst clocked S-R latch with a clocked D latch or
e AddingaD input and inverter to a master-dave S-R flip-flop

= Thedelay of the SR master-dave flip-flop can be
avoided sincethe 1s-catching behavior isnot present
with D replacing Sand R inputs

= Thechange of the D flip-flop output isassociated with
the negative edge at the end of the pulse

= |t iscalled a negative-edge triggered flip-flop
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Positive-Edge Triggered D Flip-Flop

= Formed by b
adding inverter
to clock input c C g R ob—35

= Q changestothevalueon D applied at the
positive clock edge within timing constraintsto
be specified

= Qur choice asthe standard flip-flop for most
sequential circuits
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-s — —ds — —D — —|D =
IR > —dRr o —{c b —dc o
SR SR D with 1 Control D with 0 Control
= Master-Slave: (@) Latches
Postponed output s+ s - 4o L —p -}
indicators=——— |c c
R 1P —r P —c “1p —dc¢ “1p
T LTriggered SR LI Triggered SR | L Triggered D LI Triggered D
= Ed ge-Tr i gger ed: (b) Master-Slave Flip-Flops
Pynam| c PO I N
indicator —
>C D —3>C P
I Triggered D 'L Triggered D
Log”i: an?nc‘:.“omipm:r Design Fundamentals, 4e (¢) Edge-Tri d Flip-Fl
o Peion SN, O Hipe T rmered TpoRs Chapter 5- Part 1 27

Direct Inputs

= At power up or at reset, all or part
of a sequential circuit usually is
initialized to a known state before —D Q—
it begins operation

= Thisinitialization is often done —ad>c Qp—
outside of the clocked behavior R
of thecircuit, i.e., asynchronously. T

= Direct R and/or Sinputsthat control the state of the
latches within the flip-flops are used for this
initialization.
= For the example flip-flop shown
« 0applied to R resetsthe flip-flop to the O state
 Oapplied to Ssetstheflip-flop to the 1 state
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Sequential Circuit Analysis

= General Model
Inputs

« Current State = Combina- =
at time(t) is tional

stored in an | Storage Logic

array of Elementsd Text
. ex

flip-flops. Sa ate

* Next Stateat time (t+1) B
isa Boolean function of C-k—
State and I nputs.

» QOutputsat time (t) are a Boolean function of
State (t) and (sometimes) I nputs (t).

utputs

Lagic and Computer Dasign Fundamentals, 4e
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Example 1 (from Fig. 5-15)

= |[nput: X(t) y

= Qutput:  y(t) ’_DD]:D::C z
= State: (A(D), B(t))

= What isthe Qutput

> >

g

Function? 1 o o+
cpP b c Q

= What isthe Next State %FD y

Function?
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Example 1 (from Fig. 5-15) (continued)

= Boolean equations
for the functions:
e A(t+1) = A(H)X(t)
+ B(t)x(t)
* B(t+1) = A(t)x(t)

X

* y(®) =XMB() + A1)
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%_D 9 A
_D—,_ -_>C Q A
Next State
|_/| D Q B
cP D c Q]

DDl

Output
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Example 1(from Fig. 5-15) (continued)

= Wherein time areinputs, outputs and

states defined?

FEECEEEEE e e g fereereg ey e e b e e e e e
RESET...ovvnnns J-I
CLOCK. e S T e 1 Y o I o N
Keveeennernnenn I L J | |
7 O I_I_
W, L] —
N 0[N L
Beeeeeeeeeens ol 14 | [
Yeeeeeooononnns O I_- I_I

t t+l  t+2 t+3
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State Table Characteristics

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

* Present State —thevalues of the state variablesfor
each allowed state.

* Input —theinput 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) theinput.
= From theviewpoint of a truth table:
* theinputsarelnput, Present State
« and theoutputsare Output, Next State
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Example 1. State Table (from Fig. 5-15)

= Thestatetable can befilled in using the next state and
output equations: A(t+1) = A(t)x(t) + B(t)x(t) B(t+1)

= A (Hx(t) y(t)
= x ()(B(t) + A(1))
Present State| Input | Next State | Output
A(t) B(t) x(t) A+ B(t+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
10 1 1 0 0
1 1 0 0 0 1
1 1 1 1 0 0
Q?J&fﬂgfélmm Inc. Chapter 5-Part1 34
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Example 1. Alternate State Table

= 2-dimensional tablethat matcheswell to a K-map.
Present staterows and input columnsin Gray code

order.
o A(t+1) = A(t)x(t) + B(t)x(t)
« B(t+1) = A (t)x(t)
- () = X OB +A®)
Present Next State Output
State x(t)=0 x(t)=1 x()=0 x(t)=1
AN B(t) |At+DB(t+1) A(+D)B(+D) | y(t)  y(t)
00 00 01 0 0
01 00 11 1 0
10 00 10 1 0
11 00 10 1 0
et Chepter 5-Part 135

State Diagrams

= The sequential circuit function can be
represented in graphical form asa state
diagram with the following components:
* Acirclewith thestate namein it for each state

* A directed arc from the Present Stateto the Next
Statefor each statetransition
* A label on each directed arc with the | nput values
which causesthe state transition, and
* A labd:
= On each circle with the output value produced,
or

= On each directed arc with the output value
produced.
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State Diagrams

= L abel form:
* On circle with output included:
= state/output
= M oor e type output depends only on state
* On directed arc with the output
included:
= input/output
= Mealy type output depends on state and
input

Lagic and Computer Dasign Fundamentals, 4e
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Example 1. State Diagram

x=0/y=0

i

x=1/y=0

x=0/y=1

= Which type?

= Diagram gets
confusing for
lar ge circuits

= For small circuits,
usually easier to

under stand than
the statetable x=1/y=0

x=1/y=0
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Equivalent State Definitions

= Two states are equivalent if their response
for each possibleinput sequenceisan
identical output sequence.

= Alternatively, two states are equivalent if
their outputs produced for each input
symbol isidentical and their next states
for each input symbol are the same or
equivalent.

Logic and Computer Dasign Fundamentals, de
FowerPaint™ Slides

o) 2008 Pearson Education, Inc. Chapter 5- Part1 39

Equivalent State Example

= Text Figure 5-17(a):
= For states S3 and S2,
e the output for input

Oislandinput 1is0, 91 1/0
and

* the next state for input
0is S0 and for input U0
lis S2.

* By thealternative definition, states S3 and
S2 are equivalent.
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Equivalent State Example

* Replacing S3and S2
by a single state gives
state diagram:

= Examining the new diagram,
states S1 and S2 ar e equivalent since 1/0

« their outputsfor input
Oislandinput 1is0,
and

 their next statefor input
0is S0 and for input
lis S2,

. 0/0 1/0
= Replacing S1 and S2 by a ‘
single state gives state @”@
diagram:
Logic and Computer Design Fundamentals, 4e 1/0 ‘
g L SN Chapter 5-Part 1 41

Moore and Mealy Models

= Sequential Circuitsor Sequential
Machines are also called Finite State
Machines (FSMs). Two formal models

exist:
= MooreModel = Mealy Model
« Named after E.F. Moore ° Named after G. Mealy
« Outputsareafunction * Outputsareafunction
ONLY of states of inputs AND states

» Usually specified on the

» Usually specified on the state transition arcs.

states.
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M oor e and M ealy Example Diagrams

= Mealy Model State Diagram

x=1/y=0

maps inputs and state to outputs

x=0/y=0

= Moore Model State Diagram ,_q

maps states to outputs

x=1

Logic and Computer Dasign Fundamentals, de
FowerPaint™ Slides
o 2008 Pearson Education, Inc.

x=1

Chapter 5-Part 1 43

x=1y=1

Moore and Mealy Example Tables

= Moore Model state table maps stateto

outputs Present | Next State | Output
State | x=0 x=1
0 0o 1 0
1 0 2 0
2 0o 2 1
= Mealy Model state table mapsinputsand
State to outputs | Present | Next State | Output
State | x=0 x=1 | x=0 x=1
0 0o 1 0 O
1 0O 1 . 0O 1
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Mixed M oore and Mealy Outputs

= In real designs, some outputs may be Moore
type and other outputs may be Mealy type.
= Example: Figure 5-17(a) can be modified to
illustratethis
» State 00: Moore
» States 01, 10,
and 11: Mealy
= Simplifies output
specification

Lagic and Computer Dasign Fundamentals, 4e
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Example 2: Sequential Circuit Analysis

-Logchlagram D Qtr—2z

\/ﬁ@ \(

_/ > Q
Clock CrQp
Reset—s——
Logic and Competer Design Fundamentals, 4e
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Example 2: Flip-Flop Input Equations

= Variables

* Inputs: None

e Outputs. Z

» State Variables: A, B, C
= | nitialization: Reset to (0,0,0)
= Equations

o A(t+1) = Z=

« B(t+1) =

* C(t+1) =
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Example 2: State Table

X' =X(t+l) | ABC| A'BC |Z
000
001
010
011
100
101
110
111
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Example 2: State Diagram

= Which states ar e used?

= What isthe function of
the circuit?
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Termsof Use

= All (or portions) of thismaterial © 2008 by Pear son
Education, Inc.

= Permission isgiven to incorporatethismaterial or
adaptations ther eof into classroom presentations and
handoutsto instructorsin courses adopting the latest
edition of Logic and Computer Design Fundamentals as
the cour se textbook.

= These materialsor adaptationsthereof arenot to be
sold or otherwise offered for consideration.

= ThisTermsof Usedideor pageisto beincluded within
theoriginal materialsor any adaptations ther eof.
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