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Lecture #15: Sequential Circuits: Latches

Sequential Circuits

= Combinational circuits: current input - output

= Sequential circuit: current and past inputs >
output
= Sequential circuits

— The information about the previous inputs history is
called the “state” of the system

— “State” is needed to predict the current and future

behavior
 State variables are bits of information stored in a memory
(flip-flop) device n bits > 2" states

* A finite-state machine
— Output depends on the current input and the past
history represented by the states

— Since n is always finite, sequential circuits are also
called finite state machines (FSM)
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Describing Sequential Circuits

i —> - »
inputs Combinational circuit output

|i State memory
= State table

— For each current-state, specify next-states as
function of inputs and current state

= State diagram
— Graphical version of state table
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Bistable Element

® The simplest sequential circuit

= Signal B = A’ appears after a short delay
t,q = propagation delay

B=A C=A
A {>0 I >0—e—
feedback:

reinforces the input A
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Bistable Element

" The simplest sequential circuit
® No input... for the moment

= Two states = one Boolean state variable, say, “Q”
l B = ;\s l C =

“twisted”
representation:

(Q_L is active low)
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Bistable Element

= Assume Q is equal “0”

Vinl Voutl LOW LOW
>C Q >C Q

>
Vm2 Voutz QL Q_L

h LOW

¥ = Bottom inverter's HIGH output - top inverter’s input

>C TLOWQ H|(|3H >C TLOWQ
>< » ><
|

LOW >C HIGHQ_L LOW >C HIGHQ_L

- Top inverter’s output is forced LOW




Bistable Element

Assume Q is equal “0”

Now assume Q is equal “1”

>c ’ Q
Vin2 >C Voutzv Q_L
HIGH LOW
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Analog Analysis (1)

= Assume pure CMOS thresholds, 5V is the V.
® Theoretical threshold center is 2.5V

® |n principle, any TTL/CMOS have the same behavior,
but different constants ...

VOUT

5.0
HIGH

Vin2 Vout2
undefined
1.5

LOW

3.5

N
0 Vi

0 15 3.5 5.0
LOW undefined H|GH

[Recall Lecture #9]
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Analog Analysis (2)

Assume threshold inputs at 2.5 V:

25V Vi Vour 2.5V
>O ? Q If nothing moves ...

but a little input noise
Vin2 >C Vout2 i Q_L
25V 25V

moves Q for example to ...
LOW  Viy Voun HIGH
DC ? Q ... Qis equal “1”
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Metastability
= Metastability is inherent in any bistable circuit
y = stable Transfer function:
:O\u/twl]2 Vinl = Vout2
metastable - T(Vinz)
v = T(Voutl)
,,,,, =T(T(Vin1)
| L_/_ stable
7777777777 V V Vin2 = T(T(Vinz))

in1 = Vout2

= Two stable points, one metastable point
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Another Look at Metastability

metastable

stable stable

= |f the ball sits exactly on the top of the hill, the bistable
circuit can be in metastable state until random noise
nondeterministically chooses one of the stable states.

= Can appear in any sequential circuit, as we will see ...
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Latches and Flip-Flops

® The two most popular varieties of elements used
to build sequential circuits are: latches and flip-
flops

Latch: storage element
Flip-Flop: storage element

= Common examples of latches:
S-R latch, S-R latch, D latch (= gated D latch)

= Common examples of flip-flops (FF):
D-FF, D-FF with enable, Scan-FF, JK-FF, T-FF
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S-R Latch

" S-R (Set-Reset) latch with NOR

— similar to inverter pair, with capability to force output to
“0” (Reset=1) or “1” (Set=1)

X Y XNORY
0 0 1

0 1 0

1 0 0 .
1 1 0

R Inputs Outputs
Q
S R Q QN
0 0 lastQ lastQN  (hold)
S QN 0 1 0 1 (reset)
1 0 1 0 (set)
1 1 0 0 (forbidden)
—s af— —s al— [—s —
—R OoN|— —R QO — oN O—
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R h . X Y XNORY
- 0 o 1
R S-R Latch Operation =,
— 2 1 0 0 "
1 1 0
s aN
S 0 1 o o0 2
Hold: o aN=1 ! !
s 0 R 0/01!0 1 ?
R 0 Q=0 before : ; ‘ |
=0 after i : ‘ !
Q | | | |
s o e |,
el QN=0 I I >
o th ot tf ot ¢
R 0 QTO ti+e tyte
Hold: 1 QN=0 S(t) R(t) Q(t) Q(t+e) QN(t+e)
s 0 0 0 0 0 1
R0 Q=1 0o o0 1 1 0
=1 0 1 0 0 1
v o 1 1 0 1
Reset: - o0 1 0
0 QN =0 1. 0 1 1 0
S 1 - 1 1 0 ’
R Q=1 Still to analyze
_ 111
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S-R Latch Operation

= Typical operation of an S-R Latch
= (a) “normal” inputs

set  peset
(a) S / % ;Z / \ Inputs Outputs
R / T /—\ { S R Q QN

\ 0 0 last Q last QN (hold)
Q 0 1 0 1 (reset)
1 0 1 0 (set)
QN 1 1 0 0 (forbidden)
hold
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= Typical operation of an S-R Latch
= (a) “normal” inputs (b) S and R asserted simultaneously
(a) S Inputs Outputs
R / /—\ S R Q QN
\ \ 0 0 last Q last QN (hold)
Q 0 1 0 1 (reset)
1 0 1 0 (set)
QN 1 1 0 0 (forbidden)

- ~
[Both Q and QN are “0” simultaneously |
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S-R Latch Operation

= Typical operation of an S-R Latch
= {(a) “normal” inputs (b) S and R asserted simultaneously

Metastability is possible
if S and R are negated
simultaneously

s 5\ é—\ kA
\ f

say, less than 20ns 17 of 29

Improper S-R Latch Operation

= Metastability may occur if S and R are negated simultaneously:
the circuit starts to oscillate

’

10 ety
R . 3
Q ,, 051-50->1"

\

// \

1 1

1 1

\ 1

\ 7

s N 051501 7
10 S~. o
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S-R Latch Timing Parameters

Propagation delay (t,) for an input transition to produce an output
Minimum pulse width (t,,) needed for deterministic transitions

S_/\ \ [\

] \ a\
[

Q A

—

\'VIIHITI
L LLLANNNRAAYY

e

S or R impulse is

t .
pw(min) less than t,,

t t

pLH(SQ) PHL(RQ)

also leads to metastability

Recovery time (t,..) = minimum delay between negating S and R for
them not to be considered simultaneous

tec and t,, are related: both measure how long it takes for the latch
feedback loop to stabilize

Violations of t, and t.,, cause metastability
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R-S Latch Analysis
m Break the feedback path X
S(t)
R®) Q(t+h)
s QN
Inputs Output Q t+A
S(t)Y_R() Q) Q(t+A) _(_)_ S(t) S(t)
0o 0 0 0 | (hold) SORM
0 0 1 1 Q(t) 00 01 11 10
o 11 o | oo ofx|1)
P T [ 1) 0| x @ _]Q“)
1 1 0 x L J
1 1 1 « (not allowed) R(t) R/(t)-Q(t)

m Next state equation, a.k.a. characteristic equation:
Qt+A) =S(t) +R'(): Q) < Q'=Q*=S+R"Q
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Theoretical R-S Latch Beth(vior'

Q
= State diagram s%““
— states:
possible values
— transitions:
changes based

on inputs

possible oscillation
between states “0 0” and “1 1”
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Observed R-S Latch Behavior

R Q
= Very difficult to s%:m'

observe R-S latch
in the 1-1 state SR=00
— oneof RorS
usually changes
first
=  Ambiguously returns
to state 0-1 or 1-0
— aso-called "race

>

= HH "

= condition

g — ornon-
S deterministic
GE) transition
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S-R Latch using NAND gates

= Used more than S-R latch with NOR

... because NAND gates are preferred over NOR gates

S_L

orS Q ___<:) S Ql—
—QrR  afO0—

R_L QN

orS

Inputs Outputs

S_L RLL Q QN

0 1 1
1 1 0
0
1

= Timing and metastability
similar as for S-R

0 1
last Q last QN

- 4o o o}l

m Next state equation (characteristic equation):
Qt+A)=S'(t) + R(t)Q(t) < Q*=Q*=8 +RQ

Bistable Application: Switch Debouncing

in mechanical switches "IIH“
when the wiper makes |
contact with the terminal

push

= Mitigating oscillations I|""||||

s s

= Problem if the switch is used for counting
the number of pushes

Wakerly, Section 8.2.3
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SW'TCh DebOUHCZI" [Waker'ly, Section 8.2.3]

J"’g—', grmo—s

= No debouncing:

+5V push first contact bounce

Duf ' 74HCTO4 sy L \ \
Jo\c SW_L cb DSW SW_L oD Lf I (I
DSW ; |_| |_|_|
= Using a bistable for ?
debouncing:

74HCTO04 74HCT04

-
pish sw Sw_L DSW J{. » Jo—_?_. » Jo?_.

T sw_L <D sw Vou ——push
sw { |

*_ bistable used as a debouncer

first contact
bounce

= SW trying to maintain 0 v v pounee
when the push starts but sw_L o T
the first contact with VoL 5 L —
SW_L moves itto 1. .
After say 30 ns, the DSw o |
switch Changes’ DSW=1 ... see the next slide for details 25 of 29

Using a Bistable for Debouncing

= Before the button is pushed, the top contact holds SW at 0V
and top inverter produces “1”on SW_L 4,  Von

sw SW_L DSW Vou GND
I [>o P> Vs
SW_L
JO)S\ALL sw VoL Grp
‘ DSW :J
= When the button is pushed and contact is broken, feedback in the bistable
holds SW at V,,, i.e., logic “0" sw VonT RN

VoL Gnp

push gy DC Sw_L OD DSW
v,
¢ s swiL o
E‘*‘ VoL Gnp
SW_L sw ;
DsSwW

0
= When the wiper hits the bottom contact, SW_L is forced to logic “0” and the
output of the top inverter also becomes “0”

= After this, feedback in the bistable maintains the logic “0” on SW even if the
wiper bounces off the bottom contact sw Vo e

V
push g DC sw_L OD DSW Ot GND firsyeontact ounce
v, 1
o-'.,,J.,.. SW_L i I [ EEEL]
J 'Sw_L sw VoL a0
U |

0 26 of 29
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Using an S-R Latch for Debouncing

® The pull-up resistors avoid the momentarily
shorting of the gate outputs,
when the output of the top inverter is still HIGH
and the SW_L becomes connected to the ground

+5V

74LS00

DSW_L

DSW
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S-R Latch with Enable

= Sensitive to S/R inputs only when an
enab“ng |nput C |S asserted (C standsfor“clock”)

S Q —
—cC
—1Rr o)l @
S
Q Inputs Outputs
R N
c S (o] Q Q
0 0 1 last Q last QN
aN o 1 1 0 1
R
1 0 1 1 0
1 1 1 1 1
X X 0 last Q last QN
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S-R Latch with Enable

= Typical operation

® |f both S and R are “1” when the enabling input C is turned
from “1” to “0”, the circuit behaves like an S-R latch and
the output can become metastable

s S\ —

O R /

T\ S W S S S

o I T g R
— \ | \ _
Y \ — R
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