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Sequential Circuit Definitions, Types of
Latches: SR, Clocked SR, and D Latches

Flip-Flops: SR, D, JK, and T Flip-Flops Introduce
Flip-Flop Timing Parameters: Setup, hold, ggmgjfgft‘i
propagation, clocking (memory
Flip-Flops: Characteristic Tables and elements)

Excitation Tables

Analysis of Sequential Circuits with various @ |
types of flip-flops: Deriving the input nayss
equations, state table, and state diagram.

Timing.

Design of Sequential Circuits with various Design
types of flip-flops: Determining the state

diagrams and tables, State assignment,
Combinational Loaqic atl 2




Introduction to Sequential Circuits
Outputs are functions of inputs and some previous
(state) outputs

1
Exterhal ! External
Inputs > P Outputs

Combinationa !

' Ci]'C:lil Next Present |

' state Storage State

[ stata— State elements :

1| Inputs Outbuts 1

i — It

1

= A Sequential Circuit (SC) consists of:
» Data Storage (memory) elements.  The storage (memory) elements

(Latches/ Flip-Flops) isolate the next state from the
. . . present state, So changes occur
* + Combinatorial Logic: only when desired

Implements a multiple-output function

= External Inputsare signalsfrom outside

= External Outputsaresignalsto outside

= Stateinputs (Internal to SC) = Present State at o/p of storage elements
= Stateoutputs, Next State at i/p of storage elements

Introduction to Sequential Circuits (SC)

Inputs — > Outputs
Combinational N
& ext
cireui - Storage Present
o elements state
(State) (State)

= Combinational Circuit outputs:

* Next state:
Next State = f(Inputs, State)

e External Output:- Two Possibilities:
= Mealy Circuits
Outputs= g(Inputs, State)
= Moore Circuits
Outputs= h(State only)




Timing of Sequential Circuits
Two Approaches

= Behavior depends on the times at which the storage elements ‘sense’ their
inputs and ‘change’ their outputs (“next state” becomes “present state”)

= Asynchronous (No clock)

* Behavior defined from knowledge of inputs at any instant of time
and the order in which inputs change in continuous time

= Synchronous (More common)
* Behavior is determined by the signals at discrete times (clock pulses)
» Storage elements sense their inputs / change state only according to
a timing and synchronizing signal (a clock)
= Will use mainly the synchronous approach here

Inpyts Outputs

Combinational
circuit

Slallép - O/P at the arrival of a clock pulse

Flip-flops

When a clock pulse arrives,
Storage Elements the SC moves from one state
to the next

cock 1 [ 1 [TL JTL [T1._ Chepter 3-Partl 5

Clock pulses

Data Storage Logic Structures for SCs
tpg O 1/P E—)
“—~ > Remembered

Data In (Change data stored)

il R (Res
T (Reset) .
: Q
! 0 ‘{}_
lp(l
’ >t l EI lt| o/P
pd Sl v Flpa
(a) witeo 2 Wite12
ki
I 1 (c) 5
—— Feedback across S (Set)
Delay in tpa Two inverting buffers 7
A non-inverting b Connected in series (d)
Buffer ©) Set-Reset (momentarily)
Non-inverting buffer NOR Latch
Problem: With feedback- indefinite Now 2 e inout
_ ow 2 separate inputs:
Data stored only  Problem: No separate input for data. - pata-in (momentarily make
for short time = Difficult to change data stored the change to be stored)
Propagation delay t,, - Feedback to maintain that change

Chapter 3 - Part 1 6




Basic NOR Set—Reset (SR) Latch
Set: Make Q =1, Reset: Make Q =0

= Cross-coupling two R (reset)

) Q
NOR gates givesthe
Both ref
S« — Rest Latch: o referfo Q
= Which hasthetime S (set) Q
uence . —
e _ Time R | S | Q[Q Comment
behavior: 0 | 0 | Q| Q |Showthelast stored data
00 = Normal input ¢ ion 0 1 |1 ]0 ["Set” Qtol(Writel)
No input chang — L0 W1 | O] R“remembers’ written 1after I/P disappgared
(show last stored | 11 | 0|0 1 FReset” Qto0(Write0)
Input R S stored (writte [~ 0 0 0 1 |Q“remembers’ written O after |/P disappgared
inQQ 1] 1|0 0 BothQandQ =0/ (Avoid)
(remains at O/P after input \ 0 0 2 2 |Undefined! (Q = 1or 0)

is removed)

S =1, R=1simultaneously is a forbidden input pattern

Basic NOR Set—Reset (SR) Latch

R (Reset)

Reset then 00

5

Q

i)
]

(b) Function Table

Set then 00

S-R Latch
S 1
" t‘
Which Q '“
Changes T | -
First? Q_b
IIIIIIIIIIIIIIIIIIJ|IIIIIIIIIIIIIIIIIII

— 0

20 ns

Qb=Q

T TR R LR TR LTI

40 ns

8]
1
1

Reset stale

Set state

Undefined (Avoid)
Should not try to Set

il

IIIlIIIIIIIIIIIllII|IIIIIIIIIJIIIIJIIII

60 ns 80 ns

and Reset at the same time!
Forbidden I/P Comb.




Basic NAND Set-Reset (SR) Latch

= Cross-coupling two S (se) 0
NAND gatesgivesthe
S—R Latch:
= Which hasthetime R (reset) Q
uence . = — —
> ) Timel S | R | Q |Q Comment
behavior: *1 | 1 | Q|Q Showthelast stored data
11 = Normal inp @n 0 | 1[1]0[Set”Qtol(Writel)
No input change b 1 v| 1 0| 0 “remembers’ written 1 after |/P disappgared
_ B —1 1 0 |0 1 "Reset” Qto0(Write0)
Input S R stored in Q Q [~ 1 1 0 1 Q“remembers’ written O after |/P disappeared
_(remalns at O/P after input \ 0 0 1 1 BothQand (_? go high (Avgid)
is removed) 1| 1] ? 2 Undefined! (Q could be0ar 1

S= 0, R=0 simultaneously is a forbidden input pattern

Clocked (or Controlled) S-R NAND Latch

Addingtwo NAND S

. Q s B
gatesto the basic 1.
S-RNAND latch € e 5
givesthe clocked Q % latch
S—Rlatch: R This latch is

Clock is a “gate” for S, R Transparent: i.e.

O/P follows the I/P

C=normally0> SRinputstothelatch=normally 11 directly when C = 1

(No output change) 3
So this preventsthe forbidden conditionsSR =00 with C=0

C =1 Opensthetwo input NANDs C S R | Nextslale of Q
for the SR, invertingthem. 0 X X | Nochamee &%
Thisgivesnormal SR (not SR) o OISt g 8

0 0 | Nochange I
01 Q = 0; Reset state
I 0 | Q= 1;Setstate

1 1 Undefined

latch operation = Allow changesin latch state
But hereboth SR =1 1with C=1isstill a problem

C means“control” or “clock”. Changes \>|
in SR affect thelatch only during the clock pulse




The Clocked D Latch- A L
Totally avoids the SR =11 Problem! /_ c ab-

S e
= Adding thisinverter D 5
tothe SR Latch,
makesit aD Latch <
= Wegot rid of the —Q

unwanted condition S ——
1 Must block the clock pul
(SR =11 with C = 1) cD Mustblock the clock pulses
X

Next state of Q
= But also lost SR = 00 (no change)!
When C = 1, thislatch

NO Change (Q =last Q before C

went from 1 to 0)

; . = (), Reset state
Istransparent: Q7 ie withC=1:D>Q
TheD I/Pis WihelE1 Q = 1. Set state
effectively | | Wihc=o :

‘connected’ c a Freeze Output at last value Function Table

written when C was 1,

to output Q; i-e.Q follows D (can change only when C becomes 1 agairg
: hapter 3 - Part 1 11

From Latchesto Flip-Flops

= Thetransparent latch timing problem

Solution: Flip-Flop
* Master-daveflip-flop
» Edge-triggered flip-flop

Standard symbolsfor storage elements
Direct inputsto flip-flops

Flip-flop timing

= Typesof flip-flops. D, JK, T

Chapter 3 - Part 1 12




The Transparent Latch as a Storage Element:
Timing Problem

= Consider thissequentia] circuit: t ........................................ -

........ 1 OF Trr——
+
—]>°—- D
= Transparent latch  The Combinationa—] Q St}t(e

D Transparent

isproblematic here! Logic part Latch Variable
¢ WideClock Pulse ClockH¢ ap-
CwW
Cl OCk—lE..Y..—._Y..J. Yy, I
|_| The latch was supposed
Y . to isolate outputs of the
= Supposethat initially Y = 0. combinational circuit

= AslongasC =1, thevalue of Y kegpschanging! fromitsinputs. Isit???
= Changes occur based on thedelay in the Y-to-Y loop

= Ift, ., <<t thiscauses several unwanted state changesto occur
during the same clock pulse- unacceptable!

= Desired behavior: Y should change only once per clock pulse,
in order to get only one state transition per clock pulse!

Solving the Latch Timing Problem
Flip flops instead of latches

= Two approaches:

» Break the path within the storage element into two
successive (mutually exclusive) steps in time:

Step - 1. Register the change in input D (then stop)
Step - 2. Apply that change to the output Y (then stop)
This uses a master-slave (Pulse Triggered) flip-flop
OR
* Use an edge-triggered flip-flop:

Change in D is sensed and applied to the Q output
in one go at the edge of the clock pulse (+ ive or — ive edge)
i.e. Effectively as if we have a Zero-width clock pulse,
which obviously solves the problem (see previous slide)

v Chapter 3 - Part 1 14




S-R Master-Slave (Pulse-Triggered)

Flip-Flop
——
= Consists of two clocked "G, [ X

S-R latches in series, c c MasteQr
with the clock to the R &
second latch inverted A

C=1c=0

= C=1:- Master is open

%;‘ QfZ'Zk suise - Slave is blocked

Only “input is sensed” by master for this pulse duration
(= pulse-triggered) while output is unchanged by slave

= C =0: - Master is Blocked
2nd half

of clock Puise - Slave is open > “output is changed”

= The path from input to output is thus broken by the different 2
clock levels for the two latches (C =1 and C =0)

= Sensing I/P then changing O/P are now two separate steps -
not one transparent step as the case with the transparent latch

S-R Master-Slave
Flip-Flop: Simulation

Ideally, changesin S, R inputs from combinational circuit
should arrive to master befor e the next clock interval

(C=1pulse) arrives. Data appears

Clock Set

. Interval T

:nou|:
0o
=
0 O
a0
© O

In-> Out
Delay =T/2

[ T T e T I R T R I AR R R A
50 ns 100 ns

Chapter 3 - Part 1 16




Edge-Triggered D-type Flip-Flop

= Thisis a Positive —|o — ]

Edge-triggered )

. —=C ]

D-type flip-flop e S o
= Is currently the “’{

most preferred FF 1LI1! s o

for building D>Q

sequential ,

circuits Data

= The D data input is transferred to the Q output only at
the rising edge of the clock, subject to timing constraints
on the D input relative to effective clock edge:
Setup time before edge and Hold time after edge

= Negative edge triggered D FF is also available 17

Flip-Flop Timing Parameters:

- ive Edge Triggered FF (Section 6.3)

. , Q
.R(iqulglt(a)r:kents. Consider a Negative *;/' B
p\)NuIse width Edge-Trig d D Flip Flop _Z .. X
(for both low & high) = bubble 1 Triggered D
= t,: setup time c _| | e s B
- th * hold time Input transitions allowed_lr
(usuallyOns) P :3 e
Outcomes:

= t,: propagation delay |,

Output transitions occur
D input can still change up to here!
Better utilization of time
—>faster sequential cct designs
compared to Master-Slave FF

Chapter 3 - Part 1 18




Standard Symbols for Storage Elements

Unclocked clocked
1. Latches (Transparent)(s - —ds - s - o [ Transparent
_ Latches,
i b dr b g S 3 Proylde No
. I-Oisolation
2. Flip Flops SR SR SR AdivehighClk D, Active high Clk

a. Master-Slave (M-S) Pulse-Trigger ed:

—s “| -
//
O/P deter mined during clock pulse ‘N —qc
width and changed at itsend —H1Rr P —R “1p

I LTriggered SR LI Triggered SR
(b) Master-Slave Flip-Flops

b. Edge-Triggered:

—1b — —Ip -

-+ P —3>C o

T Triggered D L Triggered D

O/Pdetermined & changed ) ¢ yoe Triggered Flip-Flops

on theindicated clock edge

In asequential that uses different
Types of FFs, Ensure that all FFs
circuit change their outputs

at the same clock edge. Invert
clock signal to some FFsif needed

One problem with D type FF

is that no D inputs produce

“no change” at the output
Solution:

- Block the clock pulses

- Feed back the Q to the D

input when no change is required
(See Unit 5)

FF Direct Inputs

= When power is turned ON, the state of a  Bubble > Asynchronous
sequential circuit FFs could be anything! P sactivelow Lorec sr>9
= We usually need to initialize the circuit to a —p u _Q
known state before operation starts ~ Synchronous e
OWn state beie cocke 00| /[ Bl
= This initialization is often done _
directly outside the clocked behavior Edge. 74>CR 0 Q
of the circuit, i.e., asynchronously Triggered 0
= Direct S and/or R inputs that control the C'OC"S"“C;c’g -
state of the latches within the flip-flops are Active tow Q9
added to FFs for this purpose Asynchronous 0 LX X |i1 0
i Action- Regardless| | 0| X X 01
= For the example the flip-flop shown of the clock e ol x x |l

to the O state regardless of the clock

« 0 applied to R directly (S=1): resets the flip-flop .
- 0 applied to S directly (R=1): sets the flip-flop to b m

the 1 state regardless of the clock

Synchronous (b) Function table

(clocked) 300 3 _pat1 20

10



Other Types of Flip-Flops

= We know about the master-slave S-R and D flip-flops
= We will briefly introduce the J-K and T flip-flops
* Implementation

* Behavior
= Characteristic Table/Equation: For use in SC Analysis
= Excitation Table/Equation: For use in SC Design

ooo@} Characteristic p
Basic Flip-Flop Descriptors '"'1

| 4
L . Excitation -
= In analysis: Given a Circuit: - s o

Present state, I/Ps = CL = FF Inputs = ? FF O/P (Next state) ?
FF: FF Inputs & Present output = Next FF output?
» Characteristic table - defines the next output of the flip-flop
given its present output and its inputs
* Or Characteristic equation - defines the next output of the
flip-flop as a Boolean function of its present output and its
inputs
= Indesign: Given a state transition behavior > ? CL ?
FF: Present output & Next output - ? FF inputs? (that give such
behavior)
» Excitation table - defines the flip-flop inputs that give a required
present-to-next output behavior

° of

11



Analysis | —>

D Flip-Flop e

Analysis

= Characteristic Table

Analysis
D(t)ﬁré(t +1) Operation  Does not depend on the present O/P

Input-
Driven 0 ’ 0 Reset Next O/P = Present I/P
1 1 Set

= Characteristic Equation
Q(t+1) = D(t)

= Excitation Table

Design
Output- Q(t +1)%1 D(t) Operation

Driven 0 0 Reset
1 1 Set

Limitation of D FF;
No built-in “No Change” Condition
while clock is connected

Design

Present I/P = Desired Next O/P

Hence simplicity of using D FF

Chapter 3 - Part 1 23

s -
] Hc
S-R FIIp'FIOp Pulse or Edge -Triggered?  L_P
= Characteristic Table . Given the present FF I/Ps, O/P
/Sv R |Q(t+1) Operation 5 Next FEO/P =2
é Input- 0 0] &  Nochange < Improvement on D !
g Driven 01 0 Reset | imitation:
Lol 1 8t gR=11: “Undesirable’” Condition
11 ? Undefined
= Characteristic Equation
Q(t+1) =S+ R Q(t)
= Excitation Table Given Present, next O/P s > FF Inputs = ?
Q) Q1| S R Operation Get from above
- 0 0 0 X No change , Or Reset
% Output OChangel 1 0 Set
2 behavior- 4 0 |01 Reset
Driven
1 1 X 0 No change , Or Set Chapter 3-Part1 24




J-K Flip-Flop- Improvements on SR and D types o
- on SR: Avoids the “SR = 11", JK = 11 - Toggle, i.e. Q(t+1) = Q(t)
- on D type: Allows a ‘No Change’ condition

Q(t+1) Operation Q(t+1) Operation

00| O No change
01 0 Reset
10 1 Set

1
11| 2 Undefined Now Ok} /

= Characteristic Table
0 0| Q) Nochange
— 01 0 Reset
10 1 Set
11| Qf  Complement ‘

(Toggte)

= Characteristic Equation

Qt+1)=J Q(t) +KQ(1)
= Excitation Table
_—
Q) Q(t +1)|J K Operation

0 0 0 X Nochange , Or Reset
0 1 1X Set , Or Toggle
Change
1 0 X 1 Reset , Or Toggle D(t) -> Q(t+1)
1 1 X 0 NoChange | Or Set

Chapter 3 - Part 1

25

T (Toggle) Flip-Flop

D FF with only “No change” & “toggle” capabilities

= Characteristic Table

—

T |Q(t+1) Operation T D Q
0| Q)  Nochange

1| Qt  Complement (Toggle) =

= Characteristic Equation

Q(t+1) =D(t) =T @ Q(t)
= Excitation Table

Q) Qt+1) T

Q(t+1) +> T Operation 0 0 0

mm) O 1 1

QWM ‘ 0 Nochange . , .

Q® 1 Complement (Toggle) X 1 0
Chapter 3 - Part 1 26
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Sequential Circuit
Analysis & Design

Inputs Outputs
— L -
Combinational
: X Mext p
circuit State (Present)
= =D State
c| Flip-flop
Clock pulses ~—»f=

U_L How many? Log, (number of states)

Analysis:
Given a circuit. > Describe how it behaves, in terms of:
Present State, Inputs = Next State? Outputs?,

Design:
Given how a circuit behaves, in terms of:

Present State, Inputs = Next State, Outputs,
= Determine the circuit

Sequential Circuit Analysis:
With D-type FFs

= General Model
* Present State (state) at time (t) are the O/Ps of an array of flip-flops
* Next State at (t+1) are O(t) combinational fns of {State & Inputs}

» (External) Outputs at time (t) are a combinational function of
State (t) only (Moore) and also Inputs (t) (Mealy)

m Inputs I(t) p Outputs (t)
—] . L -
Combinational Next S’
] e o SR g R
= n State Bits
Present o n (here oc—l)c Flip/flop (State variables
State (t) Clock pulses —f= (one FF > 1 bit
FF Provides isolation between in and out: R’ °
State (t) is not affected by O(t) until..... ) o
Max # of states for a circuit with 4 FFs? l

.... the next clock pulse comes:
How many FFs needed for a circuit with 6 states? - t becomes t+1,
. : - O(t) is moved to FF output, thus
becoming State (t+1), i.e. next state

14



Sequential Circuit Analysis

= Given a sequential Circuit

= Objective: Obtain outputs & state behavior
(External outputs and next state) from (External
inputs and present state) for all combinations of
I/Ps & present state

= Two equivalent approaches to represent the
results of the analysis:
« State table: A truth table-like approach

 State diagram: A graphical, more intuitive way to
represent the state table and express sequential
circuit operation Chapter 3-Part1 29

Analysis Example using D FF:
Given a Sequential Circuit = Determine how it behaves

= External Inputs: X(t) External «— Feedback

Inputs
= External Outputs:  y(t) X '_D-\_D_D Q_L A
= State Outputs: A(t), B(t) 1O 4 x
. . Combinational [ £.¢ ©
In Analysis we determine: | baic Fip FIop:T b
= Comb. Equations for the FF inputs &
- then use FF characteristics TO—Ho o Bm
to get the next state given ook cp—b b
a present state and inputs i °2
= Comb. Equations for the —>—1— y

External Qutputs 4[>°-'_ External

- and use them to get the ext Output(s)
- Synchronous or asynchronous?

OUtQ.UtS given a present state > Mealy or Moore?
and inputs Chapter 3- Part1 30
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Analysis Example 1: A Mealy Circuit, Ext. Output = F(state, inputs)

Deriving flip flop input equations MsB
= Right at the outset, there State: AB
are things we can do: ‘ [ D— |
We can derive Boolean B D - i h
equations for all outputs of 3
the combinational logic (CL)
circuits
= Two types of CL outputs: =D L or )
- Flip flop inputs o
(Will determine the next state +ive Edge i e
based on FF characteristics) Triggered D FFs !
D, = AX + BX —D——D .
Dy = AX -
— External Outputs: Note: Flip flop inputs needed to determine next state
Y = (A+B) X depend on the type of flip flop used, e.g. D, SR, etc.

Chapter 3 - Part 1 31

State Table Characteristics

= State table — a multi variable table with the following four “vertical”
components: CL = Combinational Logic

- CL Inputs: FF = Flip Flop

* Present State (MSBs) — Values of the state variables (FF outputs)
for each allowed state S e Table for Cireut e e .17

 External Inputs '

- Outputs:

* Next-state — Value of the state
(FF outputs) at time (t+1). Determined by:
= FF inputs (outputs of CL)
= the FF characteristics: Simplest for D-type FF: D 2 Q

» CL External Outputs — the value of the outputs as a function of
the present state only (Moore) or present state & external inputs

(Mealy)

16



One-Dimensional State Table

FF Input Equations:

# of rows in Table = 2(# of FFs+ # of external inputs)
In general, Get from:

- Equations for FF input (CL)
DA b 0 A/ -Then FF Characteristic table
-D“I_ Two State Variables: ‘or equation

—>c 0 TA A, B: 2 4 states Fox D-type FF: Simngl)r/eEi > Qi

Present State Inpu
) ~
;(DB) D Q B |A B X

il
0 1

Inputs Vary

4 states, 1 ext input
e inputd

The Two-Dimensional State Table
ax +Bx a step closer to the Sate Diagram

EX # of rows in Table = 2(*of FFS)
and O/Ps are given separately for each I/P combination

_L - Two State Variables A, B
_D_]_ D Q A - 4 states (If Moor?)

Dy
Dg

0 0 1 1 1
0 0 I 0 1
I 0 1

cQ A # of bays = # of input # of bays = # of input
combinations combinations
Nm(t\ti%il (Mealy) Output
Present
H) 0 o ‘B/ state Only X=0 | X=1 X=0|X=1
— —inpuisYary—  Smputyvary—
A B A B A B ¥ Yy
cP bc o
0o 0 0 1 0 0
0
0
0

<
Inputs Vary

Y=(A+B) X | I 0 0

# of rows = Next State Output (Mealy)

=f (State, I/P =f (State, I/P
# of states ( C?hapter 3- g’art 1 34)1




A

Sate Diagram,

ax +x Mealy Circuits

AX

D
Dg

State Transition

Input/output

Directed arc
To next state

Determine FF D’s
Combinationally

Then transfer FF D’sto FF Q’s
on the effective clock edge

. . 0/1
For agiven |npm@'ue,
~~ Corresponding O/Pisals
—_ State
e TA
Number of transition arrows exiting a state circle
= Number of combinations of ext inputs, here =21 = 2
1) 4
D B
'—/ © Next state Output
cP Dc 0o Present
state X=0]| X=1 X=0| X=1
—> [ )— y A B A B |AB Y Y
Y = (A+B) X 0 0 o a 0 0
0 I 0 0 1 | 1 0
| 0 0 0 I 0 1 0
1 1 0 0 10 1 0
Combinational O/Ps D A= AX + BX
change combinationally al the time -
. Dg = AX
® State Variables (FF O/Ps) _
updated only at clock edge, here T Y = (A+B) X
|

o

External O/P
Reset state (all Qs
(asynchronously?)

to0

Here, just before\ ulation - Fig, 4-18 Mano & Kime
effectiveclockedge ™ \HHHHFWF\HHHH‘HHHH‘HHHHHHHH\HHHHHHHH 10
ASYNC RESET.......... I:\
CLOCK....ovuunn -—J_l—-’_l—-’_l—-_l—
Keveeenennens I L I
NA....ceeennnne I
External 1/Rs............. I 1 I 1
.............. T L
G | I L
A GO 1| N o 1 |—| L
‘ oy ’ t Jerl  te2 £e3 J
A
|:| J. 0] State variablesichange only at {clock edges
& —

Output in M ealy can change asynchronous
to clock (if input X is asynchronous)




Moore and Mealy Models

= Sequential Circuitsarealso called Finite State
Machines (FSMs). Two formal models exist-
accor ding to dependencies of External Outputs

= Moore Model = Mealy Model
+ Named after E.F. Moore. ¢ Named after G. Mealy
« External Outputs (O/Ps) are * External Outputsarefunctions of

the state AND external inputs
functions of the state ONLY

InState [. O/Psare shown next to the state .« O/Ps are shown on the state
Diagram | y/ajye (inside the state node) transition arcs- next to the I/P

InTiming. O/Pschange only with thestate + O/Pscan changewith I/Ps
Waveforms 3 with the clock > Sync.toclk = possibly asynchronousto clock

= |n contemporary designs, FSM ar e sometimes
mixed: Some O/Ps are Moore and some are Mealy

Analysis Example 2: A Moore Circuit
Output = F (States only)

. Ext. I/Ps
= Right at the outset, there are ' 41 Ext. O/P
things we can do: ’j_:_ijD D P2
Derive Boolean expressions ™ b
for all outputs of the Present Next

One +ive Edge

combinational logic (CL) state Inputs| state Opfput  Clock .
. . Next Triggered D FF,
circuits A X Y| A-p, ZzPresentA - 1= 2 states
= These CL outputs are: o 00| 0 o
; Ext. O/P Determined only b
9 InpUtS to the ﬂ'p f|0pS g (1] [1) i g thxe presen? :{;Tlen(io?tnh)é I/)I;s)
D, = X®Y®A (theoddfn) o 110 o M
- Output to the outside Looile
world L1001
Z=A 1 1 1] 1 1 Output is determined only by
the State (= so in the circle)
—  I/P combinations State, Output
Depends only on state P

. Affect state tl iti ly 01,10
not on inputs, > Moore \omeomps o) ~;
00,11 @ @. 00,11
01,10

How many arcs emanate 1
From each circle? As many as the I/P combinations 8

19



Sequential Circuit Analysis:
Using other types of Flip Flops: JK, T

= D type FF was easy to use, as the Dinput from CL is the
same as the Next state bit (e.g. DA(t) = A(t+1))

= For other types of FFs, this is not so, and you will have to
go through either:

* The Characteristic Table
* Or the Characteristic Equation

Chapter 3 - Part 1 39

Sequential Circuit Analysis Example:
Using JK Flip Flops

CL Equations of FF Inputs

JA=B, KA=BX{ E A

JB:X', Kg=A&x

Clk

* > )
JK Characteristic Eqn. L) i
Q+)=JQ+KQ

- Substituting for FF A: To simplify the derivation I 5
of state table, get as SOP i

A(t+1) = BA+(BX')'A .

=A'B+AB'+Ax € Gives A Next State ] L_/\ I

Clock

- Substituting for FF B: No external O/Ps!
B(t+1) = X’ B'+(A®x)'B

= B'X'+(Ax+AX")B

= BX+ABX+ABX" & Gives B Next State

Chapter 3 - Part 1 40
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Sequential Circuit Analysis Example:
Using JK Flip Flops

Standard I/P Needed only if you use
CL Equations of FF Inputs Listing ABx The characteristic table
Present Next Flip-Flop
JA =B KA = Bx' State Input State Inputs
' A B x A B Ja Ky Ie Kp

JB:X', Kg=A&x

AllRHSisatt] o 0 1 0o 0
JK Characteristic Eqn. || &1 0 y
Qt+)=JQ+KQ

- Substituting for FF A:
A+=A(t+1) = BA+(BX')'A

1
1 0 1
1
1

0
1 1
=A'B+AB’+Ax < Gives A Next State )
SOP to simplify plotting in state table K Q(t+1) Operation
- Substituting for FF B: Could have used  0\0/ Q) Nochange
B+=B(t+1) = X’ B'+(A®x)'B the FF 0 0  Resat
= B'X'+(Ax+AX")B Characteristic Table; 1 St
= BX'+ABX+ABX’ € Gives B Next State o Toggle

Chapter 3 - Part 1 41

Sequential Circuit Analysis Example:
Using JK Flip Flops

State Diagram Present Next
State Input State

1 1 ( 1 A B x A B
k_L_\ ‘ 0 0 0 0 1

St .\_/, 52 |f FSM is at state S2 and x fixed at O:

1 1 When do we return next to S2?

Chapter 3 - Part 1 42




Sequential Circuit Analysis Example:
Using T Flip Flop

CL Equations for FF Inputs & Ext O/P, __

TA:BX
TB:X c‘u{:
y =AB i

T-FF Characteristic Eqn.

Q+1) =T @ Q(t) 1S

- Substituting for FF A: ”
A(t+1) = Bx @ A = BXA+A(BX)'=ABx+AB+x) | | T
=A'BX+AB'+AX’ < A Next State
- Substituting for FF B: Clockreset
B(t+1) = x®B < B Next State One external O/P
Mealy or Moore?
Chapter 3 - Part 1 43
Sequential Circuit Analysis Example:
Using T Flip Flop
CL Equations for FF Inputs & Ext O/P
— P t Next
Ta = Bx ;:;:: Input Stea:e Output
Tg = x A B x A B y
y =AB 0 0 0 0 0 0
T FF Characteristic Eqn. 0 0 1 0 1 0
+1) = 0 1 0 0 1 0
Q+1) =TS Q) 0 1 1 10 0
- Substituting for FF A: 1o 0 10 0
A(t+1) = Bx ® A o . . |
= BXA+A(BX)’
— ABX+A(B+X) 11 1 0 0 1
=ABx+AB'+AX" & Gives A Next State
- Substituting for FF B:
B(t+1) = x®B < Gives B Next State
o A Chapter 3-Partl 44
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Sequential Circuit Analysis Example:
Using T Flip Flop

0 0
Present Next
\ State Input State Output
1 A B X A B y
00/0 01/0) [o o 0 0 0 0
P 0 0 1 0 1 0
0 1 0 0 1 0
0 1 1 1 0 0
1 1 10 0 10 0
1 0 1 1 1 0
1 1 0 1 1 1
Y 1 1 1 0 0 1
11/1)= 5 {10/0
0 0

~Note how O/Py is represented
in the state diagram Chapter 3-Part1 45

Sequential Circuit Design: Stepsingreen

) are similar to
The Design Procedure CL Desing__

1. Specification (Word Description) - State Diagram (Can be
symbolic at this “thinking” stage)

2. State Reduction: Try to reduce the number of states (Will
cover later)
- This may reduce the number of FFs required 10 - 87

. State Assignment - Assign binary codes to the symbolic states

. Obtain a Binary state table.

5. For the selected type of Flip Flops: Use the excitation table
to obtain the binary FF inputs

6. Derive Optimized logic expressions for each of the:
- FF Inputs
- External Outputs

7. Generate the logic diagram for the complete sequential cct.
e Chapter 3-Pat1 46

W
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Sequential Circuits
Analysis Versus Design

Da=AB + BX
|
[ - . |
I ' . A
| :. D—D D +
._>('r‘l ] ZI-:AHN
5 | l’t_a':N B £|I Prosent Stato Naxt State Output
aB Xul [Xat X=0 Xt
Clock >c  p— o <Dy ] 0
= o l1pve |un 9
¢ Analysis of a given circuit: s

Given a circuit > behavior [state table (state diagram)]:

{Circuit, Present state, inputs} = Next state?, Outputs? For D fiip flops:
Da(t)  A(t+l)

Flip Flop Consideration: (inputs—=> outputs?) Dg () B(t+l)
- FF: Use input-driven Characteristic tables/equations —l Analysis

Design
» Design to achieve a specified circuit performance
Given desired behavior [(state diagram (State table)] - get circuit
(behavior: Present to next changes > Needed FF Inputs? - CL circuit?)
Flip Flop Considerations: (behavior at O/P = inputs that give behavior?)
= FF: Use output-driven Excitation tables/Equations

Complete Design Procedure
Example: “3 or more successive 1s” detector

Specification (word description) - Symbolic State Diagram

X 111 |z I/P: 001101011110
INpUT"| Detector | Output  O/P: 000000000110

Detect three or more consecutive 1's at the circuit inpu I_,,(—]-\_‘

o If input = 0, stay/go at/to a state 0/ reset state. ____________
o If input =1 after 0, go to state_1. Square 1
o If input =1 after 01, go to state 2.

o If input =1 after 11, go to state 3.

o We have 4 states (reset, state_1, state_2, state_3)
(S0 S1, 52, 53) respectively. \/ Moore
. oter 3- Part 1 48




3 1s Detector Example: with D-type FFs
0 Tied to
Present Next State
state TR | gape  OUTPUE
So o So 0
So 1 S 0
S, o So 0
S: 1 S. 0
Sz o So 0
= 1 Sa 0
Sa o So 1
Sa ik Sa 1
Circuit Details: ‘State Assignment
o Two D flip-flops (A, B) to oo Input State Output
represent the four states. A B x A B 4
) Solo e o 0 0De 0
@ One input (). 0 0 oe I 01 0
0 0 ) 0
@ One output (y). 01 1 10 0
1 0 0 1] 0 e 0
° Q(H—l] = DQ (D' FF) 1 (1] (1) (1} [I} ° ?
1 1 1 1 1 1
Chapter 3 - Part 1 49

3 1s Detector Example

Next Combinational Logic Design
Present State
State Input Output e
T ¥ "z LR~ @ Da(A,B,x)=>(3,5,7).
1] 0 0 ] 0 0 —
00 1 0 1 0 = DB(A’ B,X) il 2(157)
o 1 1 10 o ®y(ABXx)=3(67).
1 0 0 0 0 0
10 1 1o 0 Optimized implementation
: : ‘]’ ‘l' ‘: : Obtained from 3 K-maps
Bx B Bx B Bx B
A 00 01 1 10 A 00 01 11 10 A 00 0l 11 10
) n y I L [] N, "y ] T . o i, "y " .
W 1 I Ty . {] m, [ ] iy : iy, A{I i, 0 N‘I 7 I
X X X
Dy=Ax + Bx Dg=Ax+ B'x y=AB

50

Chapter 3 - Part 1
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3 1s Detector Example

The Circuit

o
>

I
b
=
+
¥

) B
| /\ —1> Clk

1) -~y

Chapter 3 - Part 1 51

3 1s Detector Example

Design with JK Flip Flops
Specified Cct Behavior: Need to derive the FF Inputs

Present Next Derived
State Input State Flip-Flop Inputs
A B x A B Ja Ka||Js Ks
0 0 0 0 0 0 X ||lo X
0 0 1 0 1 0 X 1 X
0 1 0 1 0 1 X|lx 1
0 1 1 0 1 0 X X 0 |rEB
1 0 0 1 0 X 0 0 X
1 0 1 1 1 X 0 1 X
1 1 0 o JK X 0llx o
I~ i BN EXC|tat|on Table X 1
Nalt) Qltﬂl )oK /CL Outputs
0 0 X
4] 1 1 X
B! 0—p|lX 1]
1 1 X 0 Chapter3-Part1 52
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3 1s Detector Example
Design with JK Flip Flops

B B
Bx —_— Bx — X -4
A 00 01 11 10 A 00 01 11 10 I ——A
g , m; ity i, Ty T, iy
0 1 0| X X X X Clk
A {1 x | x| x| x A {1 i >_‘_/\ X .
—— ——
X X
J, = Bx K,=Bx ‘
B B
Bx B — Bx —_—
A 00 01 11 10 A 0 ol 11 10 J i B
r—
0 1 X X 0] X X 1
— Clk
R P C— =
A4l 1 X X A41] X X 1 .
K — B
—— P——

* * Clock
Jg==x Ky=(ADx)

Example: A 3-bit binary up counter
Design with T Flip Flops
Design an n-bit up counter that counts from 0 to 2"-1 .

Assume n—=3 @;‘@

@ A 3-bit counter counts from 0 to 7.
State

@ Has no inputs. Diagram

Present State Next State Flip-Flop Inputs 1

—_— k| /
Ay Ay A A, Ay Ao Taz Ta Tao \__,* @ ,
0o 0 0 0 0 1 0o 0 1
0 0 0o 1 0 0o 1 1 TFF
0 1 0 0 1 1 0 0 1 ; P
i Lo o 1 ) 1 Slmpllfl_es
1 0 0 10 1 0o 0 1 Designing
1 0 1 1 1 0 0 1 1 Counter
1 1 0 1 1 I———0_ 0 1< at o) | T
11 1%\\\1\1\1\\\9\0 0
———=0— 1 1
State Desired Required 1 0 —>1
e r4plaT e Performance FF Inputs 1 1 0
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Design with T Flip Flops
Example: A 3-bit binary counter

A A Ay A A1dq A
o 00 01 11 10 Ay 0o 01 11 10 2 [UE] 01 11 10
of T of i -l P AT T T
A {I 1 A:{l L 1 a1 1 1
An Ag x
Taz = Ay Ty =4y Tan=1
A, A Ay
Clk B Clk _‘ Clk .
VAN [ JAN u VAN l
Clock l I l AO always
- toggles
_( 1(at next clock)
A2 toggles (at next clock) Al toggles (at next clock)
Lo If present AO, Al =1 if present AQ = 1

State Reduction

When we are interested only in the input-output sequence
and not in the state values themselves (in counters)

@ Reducing the number of states[may]|result in reduction in the

number of flip-flops needed. (without affecting the in-out sequence)
@ Sometimes, reduction in flip-flops result in a bigger

combinational circuit to realize the next state and the outputs.

r
ool )
Input Sequence 7-State FSM [W
. , . . ATIRO0 N
@ Consider the '01010110100" as your input /N O\
State a b c dle 7 g a o/ @ﬂ@
Input 1 01 0 | 0 ! o
N\ L 10 o0
Output 000 0 0 0 0 *@ \(D’—»@
States e, g are equivalent, Same: N o ﬂ"{',ﬁ
-Next state - O/P !
“for all input combinations (Important) -, 56

28



State Reduction
When we are interested only in the input-outputs sequences and
not in state values (With counters we ARE interested in the states)

@ Try to reduce the number of states without altering the
input-output relationship.

@ |t is easier to work on state tables.

e Two states are equalfequivalent if, |for each input combination),
they give the same outputs and send the circuit to the same
(or equivalent state).

o If we have two equivalent states, one of them should be
removed :

Remove its row from the truth table|

Replace its symbol everywhere in the tructh table‘with that of its
equivalent state

State Reduction

When we are interested only in the input-output sequences and
not in state values (With counters we are interested in the states)

Next State Output
Present State x=0 x=1 x=0 x=1 # of States (originally 7)
i S oo # of FFs
¢ a a 0 0 # of Unused States
d e i 0 1
L« a i 0 ]
f g f 0 1
Remove Row [ £ e i 0 ] 7 3 1
@ State e = State g - Remove g row and replace gs with es
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
Ld e f 0 1]
e a f 0 1
Remove Row Lf @ T 0 i] 6 3 2
@ State d = State f > Remove f row and replace fs with ds
Next State Output Any
Present State x=0 x=1 x=0 x=1 Advantage?
a a b 0 0
b c d i} [} (More
< ‘ % 0 ’ Don't' Cares)
e a - 0 1 5 3 3
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After State Reduction- Now using 5 states only

Next State Output 0/0 :
Present State x=0 x=1 x=0 x=1 !J.ﬂ.r_,«@\[\]g‘n
u 4 b 0 0 ‘1,.-11
b ¢ d 0 0 @ O) “-"“.@
C a d 0 0 m?.__\ i1, |10
d e d 0 1 N L
e a d 0 1 Ol

L}
11

Reduced
o Consider the '01010110100" as your input 5-State FSM
Statet a a b c d e f f g f g a
lput 0 1 0 1 0 1 1 0 1 0 0
Qutput 0 0 0 0 0 1 1 0 1 0 0

Maintains same input-output sequence as the original 8-state circuit
Onslide 56,

State Assignment: Symbols = Binary

Next State Output o8y )
Present State x=0 x=1 x=0 x=1 u.ﬂ_b_x@»,l\lin
a a b 0 0 M N
b ¢ d 0 0 @ O ”-"‘”.@
c a d 0 0 % N T o
d e d 0 1 ”-"“"~\ i Yo .
e a d 0 1 ——(a)yin

1
LT

- Input-output sequence is not affected by the binary assignment ™~
- But generally: it affects CL circuit cost
- 3 Possible state coding schemes:

3 FFs 5 FFs (1 FF/State)
Assignment 1, Assignment 2, Assignment 3, .
State Binary Gray Code One-Hot but S|mp|er
a (00 (M 00001 CL circult
i1 i 00010 for t.he
¢ 010 011 00100 FF inputs

i 011 nn (1000
e 100 110 10000
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