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Sequencing

Combinational logic (CL)
output depends on current inputs

Sequential logic
output depends on current and previous inputs

Requires separating previous, current, future
Called state or tokens
Ex: FSM, pipeline

c!k clk clk

clk

in —» out
CL > CL CL

Finite State Machine Pipeline
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Sequencing (cont) ECE

If tokens moved through pipeline at constant speed, no
sequencing elements would be necessary
Ex: fiber-optic cable

Light pulses (tokens) are sent down cable

Next pulse sent before first reaches end of cable

No need for hardware to separate pulses
But dispersion sets min time between pulses

This is called wave pipelining in circuits

In most circuits, dispersion is high
Delay fast tokens so they don’t catch slow ones.
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Sequencing Overhead =ECE

Use flip-flops to delay fast i R
tokens so they move through [€ : ’I‘ ’|‘ >
exactly one stage each cycle

Inevitably adds some delay
to the slow tokens

Makes circuit slower than

just the logic delay
Called sequencing overhead

Some people call this clocking , 1 . ,

' ! I 1 1 |

overhead 0% 20% 40% 60% 80% 100%
But it applies to asynchronous

circuits too
Inevitable side effect of

maintaining sequence
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Basic LATCH Operation

b——

—!>o— Dout

ot
Din — >0 0
——

|7
clock
Transparent-low
transparent opaque

clock __ﬂ\\ //

Tdq

N

Dout b

Tsu—-< Thild
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| _Dc i p_—l>o— Dout
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clock

Transparent-high

transparent

clock /

Tdq

AN

Dout by

Tsu—-<Thid

opaque
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Building a Flip-Flop with Two Latches R

Master Slave
Tb— Tp—
r: r: [
Din >—{>o O—{ >o4{ >0+ @« oo
1 | [Pl
J— d—

|c|ock >

Transparent Low Transparent High
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Difference between a Latch and a Flip-Flop -

Latch: Level sensitive Flip-flop: Edge triggered

a.k.a. transparent latch, D latch a.k.a. master-slave flip-flop, D flip-
flop, D register, FLOP

Q
=

clk
|

D—» D—» —» Q

Latch +
9
Flop

clk \

RENEZS

Q (latch

Q (flop)
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Static Latch Design RLE

e Static latches are essential for DSM applications
Tristate feedback

¢
+ Static | X _
D —{ | D&— Q
Backdriving risk T
Py ¢

Susceptible to noise on

D input g
¢

¢
Buffered input 1oy
+ Fixes diffusion input D M‘QD_ Q

+ Noninverting b ¢
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Static Latch Design (cont.) ECE

Buffered output
+ No back driving

i
\

Widely used in standard cells

+ Very robust (most important) X
D
Rather large
Rather slow (1.5 — 2 FO4 delays)
High clock loading

Y

=l ||-=

5
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Static Latch Design (cont.) ZECE

Datapath latch > - Q
+ Smaller, faster j
- un-buffered input -> okay for datapaths D X >
¢

%

Integer Register
File
Bypass Cache
ALU 0
Arith Flags
ALU 1
AGEN - LD /STA
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AMD K5: Datapath S=rCE

> )

' | FP Control
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Flip-Flop Designs

Flip-flop is built as pair of back-to-back latches

o {%F =
>
e}

:
|
T

!

Ol

e L
DWD@A%H D&Q
¢ ¢

¢

P

¢ )
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Clock Enable

Clock Enable: ignore clock whenen=0
Mux: increases latch D-Q delay
Clock Gating: increase enable setup time, skew

Symbol Multiplexer Design Clock Gating Design

¢ en

v

¢ ¢
| |
5 P 5 5
D—=—Q =T Q D= —Q
- 0 - -
{
¢ en
¢
|
¢ D—1 Q
1 o Q
0 L
o Q.
D— © —Q D— © —Q
T en T
w
en
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ECE
Reset |

Force output low when reset asserted
Synchronous vs. asynchronous

loquiAg

reset —
D

18S9} SNOUOJIYOUAS

reset —

18S9y SNOUOIYOUASY
W]
|
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Set / Reset

Set forces output high when enabled
Flip-flop with asynchronous set and reset

b ¢

e i L reset— > Q
D~{>O_'—:r Se 4@4} ‘T —)07

¢

— set
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Sequencing Methods

sdoj4-di|4

Flip-flops

2-Phase Latches

sayole] jualedsuel] aseyd-g

Pulsed Latches

seyoje pas|nd
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' |
| l/
clk( \
I
' |
clkl clk'
|
I
|a . . 1S
—» 2 Combinational Logic o —»
T [
}
- ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,{,,,,,,,,,,,,,,,
| |

—

tnonoverlap 3 tnonoverlap :
T2 1 \ : g
¢2 ! / |
T | |
o, b, | ¢,
| Pl Ll
G Combinational S Combinational S
—> © { Logic j—> T } Logic j—H T >
Half-Cycle 1 ‘ Half-Cycle 1

?p :
- e
—> L‘% 9{ Combinational Logic ]—> § —»
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Timing Diagrams e

Contamination and A >%/—\tpd
P ti Del A Combinational
ropagation belays Logic
Logic Propagation Delay
Logic Contamination Dela \
th & y clk clk tsetup% t
| \ hold

<

t Latch/Flop Clk-Q Prop Delay
o Ee o0 /OO0
t Latch/Flop Clk-Q Cont. Delay o
ccq L o
tp da Latch D-Q Prop Delay Q »
t dq Latch D-Q Cont. Delay

Latch/Flop Setup Time

—t
%)
()
—+
C
©
o
Py

Latch/Flop Hold Time

i
Latch —

|
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Master-Slave Flip-Flop [BE=ECE!

lllustration of delays

b b
4@0 T, @o—. —I>c T, %—Q
5 -0 QM -0
CLK | |> L |

tsetup =
pcq =
thold »

© Digital Integrated Circuits?™
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Max-Delay: Flip-Flops BRE=ECE

Tc 2 1:pd+ (t\setup + tpcq)

sequencing overhead

clk clk
| |
Q1 o . D2
T Combinational Logic N
TC
C|k t \ 1:setup
pcq
/
Q1 tog /
/

o O
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Max Delay: 2-Phase Latches BRE=ECE

TC Z 1:pd1 t 1:pd2 + 1:pdq1"' 1:pdq2
\ )

\
sequencing overhead

¢1 ¢2 ¢1
|

D1l _ |Q1( Combinational |D2| ., |Q2( Combinational D3|, |Q3
- Logic 1 Logic 2 =g

L2

. todar :
. \ .
& XIS b
Q2 i tpd2
: 0%
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Max Delay: Pulsed Latches [SOE=ECE]

tpd + max(tpdq, 1:pcq + 1:setup = tpw ) < Tc

- _J
Y

o sequencing overhead b

P p

| |
D1| _ |Q1 o _ D2| Q2
—» 5 Combinational Logic N1

T

(a) 1:pw > tsetup

| R
_/6\ T, tow

tpd 1:setup

D2

b,
Q1
D2

ROV ivivid

VLSI-1 Class Notes
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ECE

Min-Delay: Flip-Flops

clk
|
LL
ZLca’ 2 ZLhold o ZLccq
clk
|
D2

clk \ /

t
Q1 tccq cd
10/2/18 VLSI-1 Class Notes

Page 23



Min-Delay: 2-Phase Latches [OE=ECE]

tcdl,tcdz 2 thold — L., 1

ccq nonoverlap

v
L1 =

Q1
CL

0,
Hold time reduced by E |
non-overlap g
Paradox: hold applies b,

twice each cycle, vs. only —{m :

once for flops. I
ol
|

But a flop is made of two

D2 1:hold

latches!
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Min-Delay: Pulsed Latches EE=ECE

b
|
Q1
—» 5 tcd 2 thold - tccq T Zpr
P, Hold time increased by

pulse width

o f) / \_

10/2/18 VLSI-1 Class Notes Page 25



Time Borrowing

In a flop-based system:
Data launches on one rising edge
Must setup before next rising edge
If it arrives late, system fails
If it arrives early, time is wasted
Flops have hard edges

In a latch-based system
Data can pass through latch while transparent
Long cycle of logic can borrow time into next
As long as each loop completes in one cycle
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. . ECE
Time Borrowing Example |

A

| ¢1 Delayed

N

| (1)1 i (1)2 : ¢1
| | | |
- | = U =
o L N o Combinational 3)
(a) —» T —){ Combinational Loglit: j—» T —»{ Logic IP j—» T —>
| |
| > >
I Borrowing time across Borrowing fime across
| half-cycle boundary pipeline stage boundary
I |
| ¢ ; 9, |
| ! | |
'LC> : 'S Combinational |
(b) |—h = Combinational Logic *&; Logic
— ! —
I

| |
Loops may borrow time internally but must complete within the cycle
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How Much Borrowing? ECE

2-Phase Latches

t SZL—(t +1

setup nonoverlap )

borrow o)
¢ | 0,
| | |
D1 _ QI | \D2| . |Q2
— 5 —P[ Combinational Logic 1 —» N>
- J

I |

¢2 : / - /*nonoverlap
lg A
l€

> < > [t
T /2 ot setup

I borrow
| Nominal Half-Cycle 1 Delay
I
ol (OOGO00G
I
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ECE

Clock Skew

We have assumed zero clock skew

Clocks really have uncertainty in arrival time

Decreases maximum propagation delay
Increases minimum contamination delay

Decreases time borrowing

600 10
o 9 u
500 m E 8 .
S [
m \ = qE 7
_;5 400 5 s . . _ .
) o E
» 300 1 L= 58 = Pt
x ; % 4 "= E =
3 200 23 3 » .
| x O
100 7]
| ' o 1
u T T T L I . !l T T T T T T T7T u u : S )
100 1000 10000 100 1000 10000
Processor Frequency [MHz] Processor Frequency [MHz]
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Clock Skew: Flip-Flops

TC 2 tpd + (tpcq + 1:setup + 1:skew)
N\ J
Y

sequencing overhead

tcd 2 thold - tccq + tskew
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BEE=ECE

(2
>
o
>

v

D2
Combinational Logic
o/ \ i
tp q

/
o2 0000000
clk
\
Q1
—>» L CL
cl‘k
D2
N
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Clock Skew: Latches [BEE=ECE

2-Phase Latches

tod < Te - (2toa)

sequencing overhead

teats tea2 2 thold - tccq - tnonoverlap + tskew o, 0,

0
< D1/ _ |Q1( Combinational |D2| ., |Q2( Combinational |D3| ., |Q3
- . | . |
thorrow = Te/2 - (tsetup + 1:nonoverlap + tokew) Logic 1 Logic 2

o /) \ /
0 / \

Pulsed Latches

1:pd - T max(tpdq’ pcq + 1:setup - 1:pw + 1:skew )
A\ _J
Y

sequencing overhead

tcd = thold + tpw tccq + tskew

+ 1

1:borrow < pr - (tsetup skew)
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. . ECE
Clocking realities T
If setup times are violated, reduce clock speed
Useful clock skew can be your friend
Jitter is NEVER your friend

Pulse latches do not scale well from generation to generation
Use them if you want lot’s of debugging experience ©

Metastability is very real (and deadly)

Lastly, if hold times are violated, chip fails at any speed and PVT

You have a “brick” for a chip

You may be out of business if you are a startup
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Metastability

Old data New data Old data New data Old data
value value value value value

Signal transition occurs after Signal transition meets Signal violates register t,, or t,;:
clock edge and minimum t,: register g, and t;: Ball balances at top of hill or takes too
Ball lands on the old data side. Ball lands on the new data side.  long to reach the bottom. Output is
metastable and violates t..

| tSLI 1 |

———————————— NlgT 1T 7T - -
|

Clock

Metastable output A
(resolves to new data after t.o)

Metastable output B

I
resolves to old data after t [
t W T

Courtesy Altera
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ECE

Metastability - MTBF

The C1 and C2 constants depend on the

device process and operating conditions. Dvir/ €
Determined empirically. MTBF =
foc is the clock frequency of the clock CyJerk “Jpara

domain receiving the asynchronous signal

foarais the toggling frequency of the
asynchronous input data signal. Faster clock
frequencies and faster-toggling data reduce
(or worsen) the MTBF.

The t,,-r parameter is the available
metastability settling time, or the timing
slack available beyond the register’s t.,, for
a potentially metastable signal to resolve to
a known value.

Courtesy Altera
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MTBF vs. Tyt

MTBF
(Seconds)
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10° +
10 Years —
10%
1 Year ——
107 -

1 Month ——

108
1 Week ———]

10°
1 Day ——

10° -
1 Hour ——*f
10° -

10% -

1 Minute ——

10" 1

Increasing Clock
Frequency

—

_ aln(MTBF)

CZ

Alypr

e(Cz Xtyer )

MTBF x fCLOCK X fDATA

10°

.
“71.

tuer(ns)

L 1 1
V.4 5 6

Courtesy Altera

- Time of metastability
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MTBF: Alternate definition

To avoid synchronizer failure wait long enough
before using a synchronizer’s output. Where “long
enough”, is the mean time between synchronizer
failures and is several orders of magnitude longer
than the designer’s expected length of employment!

10/2/18

John Wakerly

VLSI-1 Class Notes
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. TMFIRED. | \ ; /
/ k 8. §
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S | i Sear— i (> 4L
© UFS, Inc
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Preventing Metastability

“ The t,,r for a synchronization chain is the sum of the output
timing slacks for each register in the chain.

Ut €y

MTBF =
Cy Jerk " Tpara
1 number of chains 1
failure rate,;, . == =
design— MTBF jysion i; MTBF,

Synchronization Chain

Data

Clock1 Clock2 — y

Courtesy Altera
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Simulating Metastability e

Tsu : input setup time
Thold : input hold time
- Tcq : clock to out _
Tdata to out = Tsu + Tcq
S |- _
c
0
o
Q
72
o L ]
8 Tc
= 10% \_ 9
/\/"<— Tsu sl— Thold—
minimum Tcq
I I I I I I I I
-250 -200 -150 -100 -50 0 50 100 150 200 250

Data to Clock (picoseconds)
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Simulating Metastability (cont.) i

Master internal Slave internal
state node T:IIO— state nodeTZIIO—

L L

ANV
(LT i

J;Ilf ;Ilf

Din >—{>o

4‘

|c|ock >
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BEES=ECE

Functional Pass/Failure vs. Tsu and Th

Master internal node clock

':-g‘ E 0_5
0.0
0.0 ' 0.2 0.0 ' 0.2
Input setup time Input hold time
VLSI-1 Class Notes Page 40
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ECE

High Speed Flip-Flop for Synchronization

G e T

>

Clk ,rJ My
© |
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High Speed Flip-Flop for Synchronization (cont.)

VDD
Mp, M M I:l Mp,
TP e g -
Mmj} Yoo ”:Mm

TLC
MN

D 1
@ =t‘MN1 MN.'ljl

s

Cyk |fJ54m
1
Q=S+RQ NS = Q0=R+S0Q
i R
_ ‘Qm N —_
g M, M. R

:“"' '_"l': :“)_

L1
T
L

TG
ol

oo

|
My, Aﬁ;j}__'
0-R+50 |:II— —IIII 0=5+KQ
T
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ECE

Safe Flip-Flop

Use flip-flop with non-overlapping clocks

Very slow — non-overlap adds to setup time
But no hold times

In industry, use a better timing analyzer
Add buffers to slow signals if hold time is at risk

b M
D%TXDQ = | o0
b,

Ol

9,

<

P, 9,
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C2MOS FLOPS

—d —d
CLK | CLKB |
Din * ®
cLKB | ck |
—] —]
T T
cLkB [ cLK —d[
cLKk —1[ cLkB —1 [

EH— EH_
(CLK>—| o250 =P Clock slope becomes critical

Low power feedback
Poor driving capabilit
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BEEv=ECE
Hybrid Latch Flip-Flop (HLFF) SEECE

4 —OIEI wq 4 E@
H= 1l
Din > H— [
| — Dclk__ | |
Clk I‘_J7 I|:<\7

(AMD K-6, Partovi, ISSCC 1996)
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Hybrid Latch Flip-Flop Timing WEE=EECE

ck TTTTT L] I JRARRENEN
Dalk_ T L L TTTT JEAEEEE [TTTTT
Din 1111 ] 1] |_ ____________ -I _____________ S
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Pulse Latch
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Din

T
—

ZECE

pclk
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Pulse Latch Waveforms R

TIMING:

Sampling Window ~ NAND + 1
Tsu ~ 0 to slightly negative

Th > sampling window

Tcq ~ 2 inverters

Clock \ \
Pclk - ’
Din

Dout _
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fan i : EN=ECE
Merged Function inverting FLOP e

o [Dout>
&%>

@&%y
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Flip-Flop Summary

Flip-Flops:

Very easy to use, supported by all tools

2-Phase Transparent Latches:
Lots of skew tolerance and time borrowing
Supported by most tools. Can cause timing loops.

Pulsed Latches:
Fast, some skew tol. & borrow, hold time risk

Flip-Flops
Two-Phase

Transparent
[atches
Pulsed
[atches

10/2/18

f oo Flotun ¥ akew

peq setup

2t

1
g
71

mzL\’(f.‘..v,,f 4y
fdtg

peg setup

f]]"]ll - f\.t.{/ + f'ﬁl\'k‘\\'

f]]"]d - f(-t-(/ - f

nonoverlap

in each half-cycle

e + f\kt\v) fhuld - f.';r‘,' + f{.-':»:c + [skc\\'
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Backup
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Dynamic Latch Design ECE

Pass Transistor Latch

Pros
Tiny
Low clock load 0)

Cons L

Vt drop D1 Q
Non-restoring

Back driving Used in the 1970s
Output noise sensitivity

Dynamic

Diffusion input

Requires capacitance on output to store state.
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Dynamic Latch Design (cont.) [EErCE

Transmission gate
+ No V., drop

Requires inverted clock

Inverting buffer
+ Restoring
+ No back driving D

+ Fixes either

Output noise sensitivity
Or diffusion input

Inverted output

Ql

=1 XF% eﬁ[ﬁ%e
o[ ]l >
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