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* Fundamental building block of other state elements
 Two outputs: O, O
* No inputs
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* Consider the two possible cases:
— (O =0:then Q=1 and Q = 0 (consistent)

—_—

— O =1:then é =0 and Q = 1 (consistent)

Ol

* Bistable circuit stores 1 bit of state in the state variable, Q (or
Q)

« But there are no inputs to control the state
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« SR Latch R

S

* Consider the four possible cases:

- S=1,R=0

- §5=0,R=1

- 5=0,R=0

- S=1,R=1
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~ S=1,R=0:thenQ=1and 0=0

~ S=0,R=1:thenQ=0and O =1
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~ S=1,R=0:thenQ=1and 0=0

~ S=0,R=1:thenQ=0and O =1
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- §=0,R=0:then0=0,,,,
Qprev= 0
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- §=0,R=0:thenQ=0,,, and 0= @v (memory!)
Qprev =0 Qprev =
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SR stands for Set/Reset Latch
— Stores one bit of state (Q)

* Control what value 1s being stored with S, R inputs

— Set: Make the output 1 (S=1,R=0,0=1)

— Reset: Make the output 0 (§=0,R=1, 0 =0) SR Latch
Symbol
* Must do something to avoid —-R  QF
invalid state (when S=R =1 _—
( ) ls gL
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* Two mputs: CLK, D

e Function

— The flip-flop “samples” D on the rising edge of CLK
 When CLK rises from 0 to 1, D passes through to O
» Otherwise, Q holds its previous value

— Q changes only on the rising edge of CLK
» A flip-flop is called an edge-triggered device because it is
activated on the clock edge D Flip-Flop

Symbols
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complementary clocks
* When CLK =0

— LI 1s transparent

— L2 is opaque

— D passes through to N1
« When CLK =1

— L2 is transparent
— L1 1s opaque

— D passes through to QO
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— NI passes through to O
Thus, on the edge of the clock (when CLK rises from 0—1)

CLK
o]
CLK CLK
N1
D Q D Q-Q
L1 Q- |L2 Q-Q

* Two back-to-back latches (L1 and L2) controlled by
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*  Flip-flop samples D at clock edge

D must be stable when it is sampled
e  Similar to a photograph, D must be stable around the clock
edge

« If D 1s changing when it is sampled, metastability can occur

ELSEVIER
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= time before the clock edge that data must
be stable (i.e. not changing)

* Setup time: £,

* Hold time: ¢4 = time after the clock edge that data must be
stable

* Aperture time: ¢, = time around clock edge that data must be
stable (ta - tsetup T thold)

CLK ,(
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i tsetup | thold i
>
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* Propagation delay: ¢, = time after clock edge that the output
0 1s guaranteed to be stable (i.e., to stop changing)

= time after clock edge that O
might be unstable (1.e., start changing)

e Contamination delay: Lecq
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* The input to a synchronous sequential circuit must be stable
during the aperture (setup and hold) time around the clock

edge.

» Specifically, the input must be stable

— at least ¢ before the clock edge

setup
— at least until ¢, after the clock edge
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e The delay between registers has a minimum and
maximum delay, dependent on the delays of the circuit

elements
CIl_K Cll_K
/ /Q’I ( WDZ/ /
7 7 k (E J 7 7
(a) R1 R2
< T q
CLK \ |
I I
Q1 | I
I I I
D2 | XX00000000mK |

(b)
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* The setup time constraint depends on the maximum delay from
register R1 through the combinational logic.

* The input to register R2 must be stable at least setup before the clock
edge.
Cll_K Cll_K
Q1( \D2,
R
R1 R2 .z
T
l« © »l
CLK \ Y
I | I
Ql T X® ) |
| l | |
D2 | | 00000000 |
:(tpcq)i( 1:pd A‘tsetup ):
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* The setup time constraint depends on the maximum delay from
register R1 through the combinational logic.
* The input to register R2 must be stable at least ¢, before the clock
edge.
CLK CLK
| |
Q1( ¢ D2,
L J -
R1 R2 Tc — tpcq T tpd T tsetup
TC
2 1, <
CLK \ Y pa —
| . |
Ql T X® |
| l ( | |
D2 | | 00000000 |
:(tpcq)i( 1:pd A‘tsetup ):
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* The setup time constraint depends on the maximum delay from
register R1 through the combinational logic.
* The input to register R2 must be stable at least ¢, before the clock
edge.
Cll_K Cll_K
Q1( \D2,
* v Ny
R1 . R2 Tc — tpcq T tpd T tsetup
< : > <T — +
CLK \ / tpd — TC (tpcq ZLsetup)
| . |
Ql T X® ) |
| l | |
D2 | | 00000000 |
:(tpcq)i( 1:pd A‘tsetup ):
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e The hold time constraint depends on the minimum delay from
register R1 through the combinational logic.
* The input to register R2 must be stable for at least 7, 4 after the
clock edge.
CLK CLK
e Pl
R1 R2
| | fhold
CLK ) \ /
| I
Q1 1 |
| i | |
D2 | SO I
- | |
t | t !
e e |
I tr"nold | I
< I
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e The hold time constraint depends on the minimum delay from
register R1 through the combinational logic.
* The input to register R2 must be stable for at least 7, 4 after the
clock edge.
CLK CLK
e Pl
R1 R2
| | thold < tccq T tcd
CLK /- \ /
Q1 I » I
| i | |
D2 | SO I
- | |
t | t !
e e |
I tr"nold | I
e | 5
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e The hold time constraint depends on the minimum delay from
register R1 through the combinational logic.
* The input to register R2 must be stable for at least 7, 4 after the
clock edge.
CLK CLK
e Pl
R1 R2
| | thold < tccq T tcd
CLK /- \ /
| I Led =~ Thold - tccq
Q1 I » I
N |
D2 | SO I
- | |
t | t !
e e |
I tr"nold | I
e | 5
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CLK

cx Timing Characteristics

a0

thg =

tcd =
Setup time constraint:
T.2

c

f,=1/T, =
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t.oq = 30 ps
theq = 90 ps
tsetup = 60 PS
X'[]l( thoia = 70 ps
*% { t,g = 35 ps
Q| ty=25ps

Hold time constraint:

tccq + tpd > thold ?
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CLK cx Timing Characteristics

A toq = 30 ps
D_ theq = 90 ps

setup = 60 PS

/]C I\/, X[]l( thoig = 70 ps

a0

s { t,y =35 ps
t,g =3 x 35 ps =105 ps ALk 25ps
t.g=25ps
Setup time constraint: Hold time constraint:

T,2 (50 + 105 + 60) ps = 215 ps brog + b > by ?

f.=1/T,=4.65 GHz (30 + 25) ps > 70 ps ? No!
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Add buffers to the short paths: Timing Characteristics
CLK CLK g = 30 PS
_?7 A
il theq = 90 ps
VB tsetup = 60 PS
__7C X' <72( thO'd = 70 pS
il Y[y
o 1 > 8 [ ty=35ps
S| t,=25ps
tpd =
tcd =
Setup time constraint: Hold time constraint:
T2 teeq * tog > thota 7
fo = :
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Add buffers to the short paths: Timing Characteristics

CLK CLK tccq =30 o
NAA

. t.,= 950 ps
un pcq

VB tsetup = 60 PS

__7C X' <72( thO'd = 70 pS
5 Y[y

o 1 > *?g?)[tpd = 35 ps

g tcd =25 pS

t,g =3 x 35 ps =105 ps

t.g=2%x25ps=2350ps

Setup time constraint: Hold time constraint:
T,2 (50 + 105 + 60) ps = 215 ps tooq * tog > thoa ?
f.=1/T,=4.65GHz (30 + 50) ps > 70 ps ? Yes!
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e The clock doesn’t arrive at all registers at the same time
« Skew is the difference between two clock edges

« Examine the worst case to guarantee that the dynamic discipline is
not violated for any register — many registers in a system!

CLK /771 N /7
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* In the worst case, the CLK?2 is earlier than CLK1

CLK1 CLK2
ML e P2,
L J
R1 R2
< T X

CLK1///F o\ a5 7>

|
CLK2/ /{ 2 ANRAY 77T
Q1 A j

RXIRXIIKRK

> > >

pcq pd setup “skew
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* In the worst case, the CLK?2 is earlier than CLK1

CI_|K1 CL|K2
/ / Q1 r w D2/ /
7 7 L Q ) 7 7
R1 T R2
| € ol
CLK1
WA W DO T 2t g+t + By
| pcq setup skew
CLK2/ /{ ANRNY / 777I f <
Qi ngkw 1|7 4=
| Lo
D2 | RO 1 |
| o
<« »< >, >
tpcq 1:pd ' tsetuptskew
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* In the worst case, the CLK?2 is earlier than CLK1

CLK1 CLK2
YL \D2, M,
! / L Q ) 7 7
R1 T R2
_ZZZ/\I( NN C /77)|7
CLK1
| Tc = tpcq T t T tsetup tskew
cLke/TTT AN /7T T .
Q1 : | i : ( qu Setup 4 skew)
| i ( | ]
D2 | RO |
= o
<« >« >, >4
tpcq 1:pd ' tsetuptskew
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* In the worst case, CLK?2 is later than CLK1

CLK1 CLK2
I I

L1 ML
7 7 L Q J 7 7
R1 R2
o I
CLK1, | A\ / /)I/
tecg T tea ™

CLK2 | AN // /|Ir cc
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* In the worst case, CLK?2 is later than CLK1

CLK1 CLK2
I I

/ /Q1( ]Dz/ /
7 7 L Q J 7 7

R1 R2
o

I
CLK1 | A\ / /)I/

CLK2 | AN // /|Ir cc
[ , >
Q1 g%XXXX | cd

4 q ™ tcd> thold—I_t

skew

skew thoId
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* In the worst case, CLK?2 is later than CLK1

CI_|K1 CI_|K2
N1 D2, V],
7 7 L Q J 7 7
R1 R2
| I I
CLK1, | A\ / /)I/

CLK2 | AN //,I}f cc
% : { >t Tt
Q1 %XXXX I cd ~ “hold

4 q ™ tcd> thold—l_t

skew

skew

B tccq

| | !
D2 | »XXO000000NKKKX
oty

%

t
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« Asynchronous (for example, user) inputs might violate the dynamic
discipline Itsetup t a
CLK [ |
CLK i aperture i
| | | —
D y | | 0
- Q I I ®
Q | | O
D | S =
| | 2
Q [\ S
D =
| | Y ;
o i 227 @ oo
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« Any bistable device has two stable states and a metastable state
between them

« A flip-flop has two stable states (1 and 0) and one metastable state

« If a flip-flop lands in the metastable state, it could stay there for an
undetermined amount of time

metastable

stable stable

C @
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» Because the flip-flop has feedback, if O is somewhere between 1
and 0, the cross-coupled gates will eventually drive the output to
either rail (1 or 0, depending on which one it is closer to).

* Assignal is considered metastable if it hasn’t resolved to 1 or 0

« If a flip-flop input changes at a random time, the probability that the
output Q is metastable after waiting some time, ¢, is:

= -t/
P(tres > Z‘) o (TO/TC) et
t.s . time toresolveto 1 or0
Copyright © 2007 Elsevier T,, T : properties of the circuit WS
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* Intuitively:
— T/T, describes the probability that the input changes at a bad
time, i.e., during the aperture time
P(t >0 =(T)/T.)e""

tres

— 1 1s a time constant indicating how fast the flip-flop moves away
from the metastable state; it is related to the delay through the
cross-coupled gates in the flip-flop

P(tres > t) - (TO/TC) e-t/r

 In short, if a flip-flop samples a metastable input, if you
wait long enough (), the output will have resolved to 1
or 0 with high probability.
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e Asynchronous inputs (D) are inevitable (user interfaces,
systems with different clocks interacting, etc.).

 The goal of a synchronizer 1s to make the probability of
failure (the output QO still being metastable) low.

* A synchronizer cannot make the probability of failure 0.

ONAS _C;)
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» A synchronizer can be built with two back-to-back flip-flops.
* Suppose the input D is transitioning when it i1s sampled by flip-flop
1, FI.
e The amount of time the internal signal D2 can resolve to a 1 or O 1s
(T, - tetup)- CLK CLK
o [ Dz M q
L L
F1 F2
. T .
< g
CLK 4 \ '
| , |
D2 I / I
| / metastable \ ﬂ:\ |
| | /.
P e e
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For each sample, the probability of failure of this synchronizer is:
1 = -( T -t )/ T
P(tailure) = (7T,/T,) e, setup
Cll_K CIl_K
D b2 Q
F1 F2
. T, .
< q
CLK \ |
I . I
p2 ) / |
| /metastable \A |
| | e
| | |
= 1Y
« >« »
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« If the asynchronous input changes once per second, the probability of
failure per second of the synchronizer 1s simply P(failure).

* In general, if the input changes N times per second, the probability of failure
per second of the synchronizer is:

P(failure)/second = (NT/T,) e -1 /)"

setup

* Thus, the synchronizer fails, on average, 1/[ P(failure)/second]
This is called the mean time between failures, MTBF:

MTBF = 1/[P(failure)/second] = (T/NT,) e? -t J*

c setup
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CLK CLK
| |
D D2
F1 F2
* Suppose: I. =1/500MHz=2ns t© =200ps
T, =150ps Lerup = 100 ps
N =10 events per second
* What is the probability of failure? MTBF?
P(failure) =
P(failure)/second =
MTBF =
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CLK CLK
| |
D D2
F1 F2
Suppose: I. =1/500MHz=2ns t© =200ps
T, =150ps Lerup = 100 ps
N =10 events per second

What is the probability of failure? MTBF?
P(failure) = (150 ps/2 ns) e(1:9ns)/200ps
=5.6 x 10°
P(failure)/second = 10 x (5.6 x 10)
= 5.6 x 10>/ second
MTBF = 1/[P(failure)/second] = 5 hours
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