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EECS251B : Advanced Digital Circuits
and Systems

Lecture 15 — Latches

Borivoje Nikolic &id

The Startup Flipping Nvidia’s Playbook on its Head

March 5, 2024, The Information. Taalas is developing the exact opposite of
customizable chips: rigid chips which are each specialized for a different Al model,
whether it's Meta Platforms' Liama models or Stable Diffusion. The Toronto-based
startup, which was founded in August last year by former Nvidia and AMD veteran
Liubisa Baijic, raised $12 million in September and $38 million in February from
Quiet Capital and Pierre Lamond, an advisor at Eclipse Ventures who was previousl

a general partner at Khosla Ventures and Sequoia Capital.

Taalas cofounder and CEO Ljubisa Bajic. Courtesy of Taalas.
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Announcements
® Lab 5 still waiting on PDK correction

®* The newest fix brings it very close

® Start project phase 1

® Spec doc due tomorrow

®* Homework 2 due tomorrow

® Quiz 2 on March 12

®* Homework 3 posted this week
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Latch Sequencing

—D Q—< Logic >——

Clk —{ clk
D Q
Clk1— Clk
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D Q
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Latch-Based Timing O/

® Single-phase, two-latch

D1 D2 D3
— D Q CLH D Q CLL D QrH—
CLK2 CLK3
CLKl1 CLK '® CLK CLK
ley
a ”

\_
L) \_

; ot oL gl Isu Isk * s
- 1

1
cike_ [/ \ i

i : Ipo* lcLL

! D2l=;>l‘ ’! rSU fSK‘FfJS
CLK3__/ \ / L\

1 1

. '{CY ]:)3.::)-H
Pipe stage i1 .:< Pipe stage i 1 Pipe stage i+l

As long as transitions are within the assertion period of the latch, no impact of position of clock edges

EECS251B L15 LATCHES




Latch Design and Hold Times
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Short path

—

1 D2 2
bl D QQ CLL D QQ—

CLK]_C CLK AQ CLK2 | cLK Lo 2 tgg + (T —1og)
TLL THL
CLK1 A “
- 5K j4— !

T

I l

i <3,

D
Q1 : L/

. . .fCrLL

| Mg
D2 ! | X

i —]

l ! —
Q2 i X | | X

i ! | Hoid time violated
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CLK2 / Isk *% 1




Soft-Edge Properties of Latches O/

® Slack passing — logical partition uses left over time (slack) from the
previous partition [(

® Time borrowing — logical partition utilizes a portion of time allotted to
the next partition

®* Makes most impact in unbalanced pipelines

Bernstein et al, Chapter 8, Chandrakasan, Chap 11 (by Partovi)
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Slack Passing and Time Borrowing

D Q
Clk

£ ARCPS
Clk — CIk CIk—OICL Clk —
< fCY/Q >ie fCY/2 >
Clk
fDQ N flogic ] fDQ “ flogic -
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Slack Passing and Time Borrowing

D Q
Clk

s G
Clk — CIk CIk—OICL Clk —
< fCY/2 >t fCY/2 >
Clk
slack
fDQ - flogic - fDQ N flogic !

®* Slack passed
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Slack Passing and Time Borrowing

TGO TG

Clk — Clk Ck—QClk Clk —{ cIk

Clk

A
y
N

flogic flogic

® Time borrowed
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Slack-Passing and Cycle Borrowing

D1 D2 D3
— D Q CLH D Q CLL D QFr— (
CLK1 CLK CLK2 A CLK CLK3 | CLK O
THLI1 TLL2 THL3
Loy
!‘Slack passed .:
. i
1
CLK]1 ,} \ J _
1 f(,- . I
1 o Tern !
D> e >, sy Tsk Tlys !
1 - 1
1 .
CLK2 2 \ i / / / __
1 - |
. I A p o
i . DO "CLL Iy Tsk g
i D2.=>|q h :
CLEK3 j \ / 1 \ SR
i D3 i
I I I
! 1.5xt¢ Ti b | ;
. . - 1mMc DOTITOWC( .
g Cy p!

Pipe stage i1
>t

Pipe stage i WL stage i+1

For N stage pipeline, overall logic delay should be < N Tcl
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Design for Performance

Latch Design
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Review: MUX Sel
® 2-input MUX Y

T T L
S Ao
L, — 3 Sel ]_. 7 o ._>c ]:
] T
-+

B._ Sel

1
=
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Review: MUX Sel O/

A —11
® 2-input MUX Y [(
B —0
T T
—C 3.6 —C 3.6 _]_
1t o LT
_—=C 3.6 —_ 3.6 —_ O _—
o— Sel 3 Sel — Sel — oY
A —_ :
—il 1.5 _—— 1.5 Y B 0—>C ]:-
Sel :I 5] Sel :I _T_
1.5 1.5 Sel
:|__ 1
ga=1.7 Pcomos = 1.7
gg = 1.7 Pymux = 3.4
Jsel = 3.4

Changing Sel sizing compromises layout
LOGICAL EFFORT ging 9 P y 14




Review: Transmission Gates

LOGICAL EFFORT

.

LH:

HL:

LH:

HL:
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Review: Transmission Gates . HL:

e LH:

R

M-

2R

-

A~—‘ ~0 .y _l_ e —'i:l\:—
R

.

LH:

b Re = RI2R = 2/3 R
° = W\~
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Review: Transmission Gates . C HL: O/

(

e LH:

R

M-

2R

-

A~—‘ ~0 .y _l_ e —'i:l\:—
‘ ‘ R

.

LH:

gp~ 1.7 _I_ Req = RII2R = 2/3R
gs = 1.7 )
° = W\

p = 1.7 (but larger in practice because of layout)
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Generating Complementary Clocks

® Inverter fork

Cy Ck
Cin

gfork ~1

pfork ~3

LOGICAL EFFORT
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Latch vs. Flip-Flop O/

4o A

tcottpeW feo™ Ipe

I : I
: I
i : i
pe i : ‘pc :
1_ i ; i — 1_ !r : for =1
Increasing : —’!l tsu _""I— Lsu = tDC(min) increasing —h: SU = LSU T IDC(min)
CLK i ! ,
\ é; W q; \Q; i 2‘?7
CLK/
(a) Latch (b) Flip -flop

Courtesy of IEEE Press, New York. © 2000



Latches

Transmission-Gate Latch

Q)

Ik

I

0 o >0

|
4

Q
=

Usually without contention
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C2MOS Latch
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Latches

CLK

D "1'1'3|%Q
151
D

Q.—

— CLK

(a) The transparent high latch (THL)

CLK 4/,/_\

CLK _6_
D o —2 b Q
o T 1~
_Do:r — D QpF—
_A CLK

(b) The transparent low latch (TLL)

/N

s
t

> DX O X
i.i'

| “DQ

X

(c) Timing waveforms for the THL
Courtesy of IEEE Press, New York. © 2000
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Setup-Hold Time lllustrations

Circuit before clock arrival (Setup-1 case)

CN
o1 T\
D, S, Inv2 0. 4 Clk-Q Delay
g [t F8 P

CP
I >|§ ____________________ TCIk—Q
i T:Setup 1 Tin;

Data T \ Clock
TSetu p-1 |

: -
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Setup-Hold Time lllustrations

Circuit before clock arrival (Setup-1 case)

AR

A
Clk-Q Delay

Ck-Q

Data oo
D TSetup-1
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Time
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Setup-Hold Time lllustrations

Circuit before clock arrival (Setup-1 case)

2

D @—‘ >Q—}D1 {

TG1 ‘\;
Inv2
Sm
CP

ACIk-Q Delay

Clk-Q
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Time
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Setup-Hold Time lllustrations

Circuit before clock arrival (Setup-1 case)

2

T\

A
D1 SM QM Clk-Q Delay
D
f \\ ‘x' """ Teoka

CP p)
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Time
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Setup-Hold Time lllustrations
Circuit before clock arrival (Setup-1 case)

Inv2 4 Clk-Q Delay
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Time
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Setup-Hold Time lllustrations /

Hold-1 case ({

C.

T\

D,
D

Inv2 4 Clk-Q Delay

%QM

N\,

C.

Towq [=======--- X

Clock

Time
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Setup-Hold Time lllustrations

Hold-1 case
CN

TG1

Clock™ Data

Clk-Q DelayA

TCIk-Q

s THold-1
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Setup-Hold Time lllustrations

Hold-1 case

TG1 Inv2 4 Clk-Q Delay
D
Inv1 T/
o ——"
cp Tea Ko 0 36 mme )
| |
i ’ -
| THolg-1 Time
Clock \ Data
|
|
: >
=I Time
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Setup-Hold Time lllustrations

Hold-1 case
CN

TG1

“Cloc ata

Inv2 Clk-Q DeIayA
Dw o
)§—— Teka
R )
R
? .
THoId 1 Time

0
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Setup-Hold Time lllustrations /

Hold-1 case ((

CN

TG1 A
Inv2 Clk-Q Delay

D, DQ_@ x‘ """ Teka
{
N~ :
Inv1 !
X
s
| Peyemex
i T}-Iiold-1 .>
THold:1 rime
Data Clock
I |
t=|0 Time
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More Precise Setup Time

Clk /

Y

1.05(piq) LN

T, d-clk

A
Y
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Latch ty o and -, o o
L
e s
Lt
(ignore feedback inverters, assume g;,,=1) ;J’,: <+

toka = 91f1 + Py + Qofotps;  g4fy = gof, = V(GF)

g
Assume F = 1, for simplicity, (although a latch should drive F>4)
ik
ol
VGF = 1.3 . 'ﬁ% e
AT
toa=(1.3+1.7)+(1.3+1)=5.3 (=1.06 FO4)
_”i_
g91=17 g,=1
(FO4 inverter delay = 1 + 4 = 5 unit delays) p;=1.7 P2=1

LOGICAL EFFORT
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setup

h « T\ >
D o— ' Q
Clk Lo
oK
I: Clk
_l _
1 ;
\ \ J
| |

2.3t,— 2.58t, For1.05ty.q

12% delay increase

To find the setup time, we will find the D-CIk offset that increases t,_q by 5%
Overall delay is 5.8t,, 5% increase is 0.28t,

Note: Voltage level of .12V at X causes ~12% delay increase
LOGICAL EFFORT
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setup

TD-CIszSetup

» —

Clk
H”:X X N 011Vyg

D o— ' Q
I I
Clk — o}~
e
Clk
—ni _
1 Q .’
. [
\ \ }
| |
3t, 2.3t,—»2.58t, For1.05t,q

11% delay increase

Voltage level of .12V, at X causes ~12% delay increase

LOGICAL EFFORT

Assuming exponential response (

Teetyp=-IN(0.12) T =211

Teetwp = 2:1 T = 3tyop (torep = 0.77)

setup

T = 3 X 3t, = Ot

setup

T =1.8 FO4

setup

Teorws + Topq = 2.8 FO4

setup

Tsewp + Toiq I8 typically 2.5-3.5 FO4 for
fast latches (with low fanout)

36
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Flip-Flops
® Performance metrics

® Delay metrics
® Insertion delay
® Inherent race immunity
® ‘Softness’ (Clock skew absorption)
® Inclusion of logic

® Small (+constant) clock load

® Power/Energy Metrics

® Power/energy

® Design robustness

® Noise immunity




Types of Flip-Flops

®* Two ways to design a flip-flop
® Latch pair (large majority)

® Pulsed latch

Latch Pair
L1 L2
Data
D Q D Qb}—
_q Clk Clk

Clk

EECS251B L15 LATCHES

Pulse-Triggered Latch

Data

D Q

Clk

39




Flip-Flop (Latch Pair) Clk-Q, setup, hold O/

Calculation is nearly identical to that of a latch (ignore feedback inverters).
tci.q is the delay of the second latch, which is about 1FO4;
note that t;,.q should include the delay of the inverter fork

Clk Clk
D o—Do— {>c / {>07~>o—oQ
| Cik ‘ Il Clk
Ck o Clk /- Setup time calculation
Lo< Clk LO<|— goes the same way!

—
—

f

. t k-Q
1:setup . 1:D - tCk ’

Difference to cause T, _q ingrease by 5% by
affecting the storage node

LOGICAL EFFORT 40




Flip-Flop Library Timing Characterization O/

®* Combinational logic delay is a function of output load and input slope (

® Sequential timing (flip-flop):

® tuiq is function of output load and clock rise time

® t,, t, are functions of D and Clk rise /fall times

® Flip-flop has multiple stages, so the delay is less sensitive to input slope

LOGICAL EFFORT 41



Pulse-Triggered Latches

* First stage is a pulse generator

- generates a pulse (glitch) on a rising edge of the clock

« Second stage is a latch

« captures the pulse generated in the first stage
 Pulse generation results in a negative setup time

« Frequently exhibit a soft edge property

®* Note: power is always consumed in the pulse generator

®* Often shared by a group (register)




Pulsed Latch

Simple pulsed latch

Sub-nano
Pulse Gen.

Pulse registers{B8b-64b)

EN CLK
CLKI CLK
Rin
CLKB —{>
Dout
CGx I———
(a)Sub-nano Pulse Generator (b)Pulse Register

Kozu, ISSCC’96

O
Volt(V/div.)
00 ,
I
| 1 : ' N
7.0 o CLKB.— ||
P : X I
H- o
5.0 U j \ L
3.0 ,f'. "\'
100 - CCK e
3| R—t ) 0160200
Time (2ns/div.)



Intel /HP ltanium 2 /

Latch dE]D ({
|I> in E ini i @

e i

GMND
Pulse
Generator ‘T

oo Scan

[T st Circuitry

Naffziger, ISSCC’'02
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Pulsed Latches O/

Hybrid Latch Flip-Flop, AMD K-6
Partovi, ISSCC’96

.Vdd
—F 4[4 —E A ~
| ’-4 P —
1 I L
D, 1 T
Clko_ D D D I_ I_
il L
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HLFF Operation

1-0 and 0-1 transitions at the input with Ops setup time

256 — ' -
?-- :’-‘-1:1:;“" ;,?‘»H__,.x__.-- et S f..ff-*'“
|- LA e i ]
AV cs N\ /
1.5 W pe—340ps e H, / -
AR \ ! 1—0
E 1 e e i ““““““-.:."'-:_E?ﬁﬁﬂq:-_ ; ".l;\:...- |IIl I
= AR \ J Traneitian
P i
0.5 ! A a { \ 4
oL (‘y CKOB , CGHDE
ol S i —— =SOR VA
I:I:E 1 o 1.5 Time (ns)
2.5
-'-_. - e e S i T ___-'-* Bt
, Wi xy,. “\ P
'-_I." I'| 4 h LY o -__.-"
_-'l!. III P ""\. & J."r
1.5 =—— 340ps - ",Ilk & ; -
E ry I:I III'II 1 \ _\_"'l: I:l."' ﬂ—l-1
g 1 S s ll-" Il\ E IK' .'". Transition -
n -I ry . - {
0.5 / oL N i
' CLK o CKDB X Cloe
Y N
D FA— LA e W
0.5 i 15 Time (ns)
VDD=2.3v, 85°C, Typical Deviees Toy = Ty = 340ps
q q
Coy, = 60fF, Cp, = 30061 Thotg = 180ps
T = -Mlps
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Hybrid Latch Flip-Flop

Skew absorption

2E S o ,
— ——— e e = s y 5 —— i L e B s
—'_'—\l. -.:I-F" i _."-r e J_.rﬂtﬂ\;'ﬂ{fi‘j_._ it
i ymann -

- A T Y -

d y L - L,

1.5 - A RS LAY i

E : ; - RN 1 0

L Darranzing ] Fas ’ W - N
Selup T 4 % ‘I‘u _,5"?“; - “{w{{xﬂ.menallmn

AT o, LY

U

iy s

A R
e R “-}K |
W
™,

s
=
=,
- Y
T E
-
T

Wolis

o]
1
3
‘*{': :
\
Ry

Time {n=)

ar— e

Volts
i,

: i 1\.‘ .
LY
B A pe mem e - - S [E—— :-----_-.----_.---.-..--.-.-.-__..-_-. -:r-,_..-\_\__'-,'..-......--.._.-.----..
— j/ = s Transttion -
5
o 5 Ty '\"-\.
_.-' .l'-. I:E 'H._'.-H".. .\H\.

0.5 :;:JELH ;

ERA -
/7 S DR
L " Y
A .. - B

o 0.5 1 1.5

Partovi et al, ISSCC'96

EECS251B L15 LATCHES




Pulsed Latches

7474, from mid-1960’s

Clk 0—

|

i

Do
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Pulsed Latches O/

Sense-amplifier-based flip-flop, Matsui 1992.
DEC Alpha 21264, StronaARM 110

y
First stage is a sense amplifier, precharged to o o Dz/[ Y
high, when Clk = 0 e A H{E P
After rising edge of the clock sense amplifier
generates the pulse on M| I
SorR [ Y T
The pulse is captured in %
S-R latch 5 M, =
Cross-coupled NAND has different propagation ° IPMwl MNzFII °
delays of rising and falling edges ci | IJ v

|




Sense Amplifier-Based Flip-Flop

CLK ar
A
iIB_t
N6 N4 5
';‘j]l 1 [
< || L IL
D I N2 DB
IC IB [

DBMR |[/N10 IPN11
C[TP" I {>“ﬁ IC IL

S/Q

LAY

S/QB
N
”-Ig" E DMR N8 ||'1N9

iNl
Courtesy of IEEE Press, New York. © 2000




Sampling Window Comparison

4.8

ddeB/ 708 3,98 118 C 13:22  12MarB2

............

S S S S SRS - S A R W |

.....

-30.8 -68.8 -48.18 -20.8 B.8 20.8 490 63,8

Naffziger, JSSC 11/02
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Summary O/

® Flip-flop-based (edge-triggered) timing dominates today (
D

® Latch-based timing can increase performance, but needs extra care Q

®* There is also asynchronous design

® Logical effort can be used to analyze latch timing



Next Lecture

® Variability

EECS251B L15 LATCHES
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