MODULE S5
Chapter 7

Clocked Storage Elements
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Clocked Storage Elements

Outline
B Background

B Timing, terminology, classification
B Static CSEs

B Latches
B Registers

B Dynamic CSEs
B Latches
B Registers
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FSM with Positive Edge Triggered
Registers

Inputs ——P» ——— Outputs
COMBINATIONAL

LOGIC

Current State Next State
Registers

0 D 4

N\
+ CLK

B CSEs/Flip-flops provide memory/state
B VLS| uses predominantly D-type flip-flops
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Memory elements

B Store atemporary value, remember a state
B Separate the past, current, future
® Typically controlled by clock.
B May have load signal, etc.
B [n CMOS, memory is created by:
M capacitance (dynamic);
M feedback (static).

B Also see http://len.wikipedia.org/wiki/Flip-flop_(electronics)
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Variations in memory elements

B Form of required clock signal.

B How behavior of data input around clock affects
the stored value.

® When the stored value is presented to the output.

B Whether there is ever a combinational path from
Input to output.

B Noise sensitivity on input and output
| ..
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D-Latch

‘ Transparent | Opaque |
i« b
\ state ! state !
Clock
<— [eading edge <«—— Trailing edge
C —
I | |
I | |
I | |
D— : |
I | |
1 : : Data
| ! ! in
: : Stored value :
I | |
Data Data Q— |
, > D Q p—— | |
input output | |
Clock ‘ , Data
. > C | t | out
input < »
‘ Clock period Tep '
1‘.‘0 f2
(a) (b)

[Taskin, Kourtev & Friedman, The VLS| Handbook]
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D-Register
(more commonly known as D-Flip-Flop)

Clock period Tep

- g
| | | Clock
<«—— Latching edge
C —
| I |
| I |
| I |
D |
L l H :
|
| | | Data
L : ! in
:/ Stored value | Stored value ¢~ |
Data Data Q— ! \
T ——D QF——— T I .
input output I ! \
Clock | | \ Data
. > C | | y—
input | | | out
to t t
(@) (b)

[Taskin, Kourtev & Friedman, The VLS| Handbook]
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Latches vs. Registers

Latch

Terminology of book

Register

| evel-sensitive

Transparent when clock
IS active

Clock active high:
positive latch

Clock active low:
negative latch

Faster, smaller
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Edge-triggered
Input and output isolated

Sampling on 0 —» 1 clock:
positive edge triggered

Sampling on 1 —» 0 clock:
negative edge triggered

Safer
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Timing Metrics Reminder

4
Chk \ / \ . Register
> b
A Lou lhota D Q >
< rPL—>
D : DATA -
Xt X f R
.
Q DATA
STABLE ¢
- -

t.. . delay from clock (edge) to Q

t,, :setuptime

tog - hold time

. wWorst case propagation delay of logic

plogic
t.q . best case propagation delay
; | (clontkamlr_lagon delay) T2 toq + togic + Ly
- CIOCK PENo 1:cdregister t 1:cdlogic 2 o1
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Static vs. Dynamic Memory Elements

Static

Operate through positive
feedback

Preserve state as long as
power IS on

Can work when clock is
off

More robust

Dynamic

Store charge on
(parasitic) capacitor

Charge leaks away (in
milliseconds)

Clock must be kept
running (for periodic
refresh)

Faster, smaller
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Static CSEs / Flipflops
M| atches

B Registers

Large part of literature talks about
Clocked Storage Elements

Are called Flip-Flops in book
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Positive Feedback: Bi-Stability

Vo1=Vi2
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M Loop-gain in A,B <<1
M A,B: stable points

M Loop-gaininC>>1
B C:. meta-stable point
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Meta-Stability

Va
Va

Vio
Vio

>
0 Vi1= Vo2 0 Vit= Vo2

B Gain should be larger than 1 in the transition region
B Smaller than 1 in stable region
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SR-Latch

S R|0O Q
S o 0 O Q 5
= 1 0 | 1 0
R O 0 1 |0 1 |
1 1 o 0 <«— forbidden
S R|Q O
Q— 1 1] 0 O
ol— 0 1] 1 0
1 0| o0 1 .
0 O 1 1<+«— forbidden

S M Construction of D-latch
R M D-latch most common in VLSI
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Clocked SR-Latch
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Ol O

B Naive implementation
B 16 transistors

B D latch requires 9xN, 9xP

B Master-slave D-register
needs 18xN, 18xP

M | arger area, cost, power

13/03/28
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CMOS Clocked SR-Latch

\OD

_MZ k‘ '4 M4

Q

o -|§/I6NI1 |_ __||£/|3|v|

a —— l_R‘¢:CK‘

F o

B Save 6 PMOS, 2 NMOS transistors
B D-latch requires 7 X N, 3 x P (instead of 9xN, 9xP)

{TPS}: s this aratioed design or not?
Does it consume static power?
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Sizing for ‘Set’ Action

B M,;-M, form conventional inverter
B Model M.-M; as one equivalent (double
length) transistor M. M2 |o- _g| M
B Assume Q =0 =>» M, is off, M, is on
B M,-M. operate like ratioed pseudo ol 1
NMOS inverter M6 M
B Latch switches when M., pulls input of d)-I:l Wi I_ _l MS [
M5;-M, below their switching threshold s 4[5 vzl R
(assume Vpp/2) . =
B Positive feedback amplifies switching —
B M, and Mg, both in velocity saturation
around Vg = Vpp/2

1 S0 |
-T-
_e_

(W V5 (W VisaT
Kn (L) [(VDD —V1n )VDSATn - DSATn) =Kp (L) {(_ Vbp —V1p )‘/DSATD -
5-6 2

2 2
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Sizing for ‘Set’ Action

3.0 35
W/Lﬁandﬁ

RGN —
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S

Volts

W::

00070706038
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T2 14 16 1.8 2

time (nsec)
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SR Latch Timing

J_' H .
¢_:I\|/I6M1 |— -—||1/|3M8—_¢
s —|ms w7 |k R

] C
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3.0

2.

Volts

1.0

0.0
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Multiplexer-Based Latches

Negative Latch
4
RN
_’1 Q / \
T T >
CLK IN—[::]— \Restoration/

CLK

\I\/Iultlplexep

Mux-based latches much more common in modern dig. IC’s
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Recirculating latch

“
o
¢l ¢2
I
o
>

B Quasi-static, static on one phase
B Feedback restores value
B Requires 4 x N, 4 x P, minimum size
(compare 7 X N, 3 X P, non-minimum size)
® ¢, and ¢, inverse but should be non-overlapping
B Definitely not ideal, because... {TPS}

Let’s explore TG/PG based latch designs
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Latch Design

Pass Transistor Latch

© Tiny
© Low clock load ¢
|
® V, drop o A
® nonrestoring Used in 1970’s

@ backdriving

@ output noise sensitivity
® dynamic

® diffusion input

[“Latch Design” slides based on Weste & Harris],
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Latch Design

Transmission gate
© No V, drop

® Requires inverted clock

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Latch Design

Inverting buffer / Basic Dynamic Latch
© Restoring b

© No backdriving 1y B
© Fixes either D — %><* Q
B Qutput noise sensitivity _T
M Or diffusion input

¢

N
© Inverted output D Dw — Q

I

¢

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Dynamic Latch

¢I’

B Storage capacitance comes primarily from inverter gate
capacitance.

B Setup and hold times determined by transmission gate—
must ensure that value stored on transmission gate is solid.

B Stored charge leaks away

® Duration of stored value being good depends on
technology

B Worst conditions during burn-in (High VDD, high Temp).
B Modern technologies (almost) mandate static latches.
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Noise Sensitivity

Coupling Noise

Diffusion Input Noise Sensitivity and Supply Noise
B Noise on input can drop node J ¢
below V; ‘0 |5 _
—/\_ E—Dw Q
N T_G NMOS t'u.rns on, and X can <N T
discharge if it was a “1” T %
B Similar problems for
Vin > Vpp
Output Noise Sensitivity ¢
B State node X is exposed > D L ox
B Noise spike on output can T

corrupt the state ¢
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Latch Design

Tristate feedback
© Static

@ Backdriving risk

B Static latches are now essential

because of leakage

® If only during burn-in
(@ high VDD, T)

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential

:
J_X
D+
T
:
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Latch Design

Buffered input
© Fixes diffusion input
© Noninverting

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Latch Design

Buffered output
Widely used in standard cells

¢ o
D {>%é~x—o>
© No backdriving T
© Very robust (most important) ¢ ¢
)

® Rather large
® Rather slow (1.5 - 2 FO4 delays)
@ High clock loading

—

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Latch Design

Datapath latch
(only use in noise-controlled environments)

© Smaller B
© Faster >©7 Q
¢

X

-

R

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28 30
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Latch Designs can Suffer from
Race Problems

L AN

=== Signal can race around during ¢ =1
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Registers

B Not transparent—use multiple storage elements
to isolate output from input.

B Master-slave, edge triggered principle

latches

masterf/ \\ slave

D—1D Q

AN

/N

D Q_Q

¢

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Master-slave operation

latches

¢ —
mas;@r/ \\ slave master latch is disabled:
5P @ P A— g slave latch is enabled,
A N but master latch output is stable,

so output does not change.

oI

E EEE-" EEERBEBC

master latch is enabled,
loading value from input;
slave latch is disabled,
maintaining old output value.
¢=1->0:

B Slave latch copies current value of
master, and master stops changing
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3

C™MOS Flip-Flop Construction - Microsoft Internet Ezplorer - I:Il *
File Edit ‘iew Favorites Tools Help lﬂ'
QBack - &) - |£| &] _;j ‘/'._ ) Search u:\-f Favorites  {F<) = IZ@ o 3
Address €] hitp: /fwww, play-hookey.com /digitalfcmos_d_fiip-fiop html ﬂ B Go |Links >>| & -

CMOS Flip-Flop Construction

CIAOES technology allows a very diferent approach to flip-flop design and construction. Instead of using logic gates to
connect the clock signal to the master and slave sections of the flip-flop, a CIMOE fip-flop uses fransmission gates to control
the data connections. (See the ChIOS gate electronics page for a closer look at the transrmission gate itself)

The result 15 that a controllable flip-flop can be butlt with only mverters and transmission gates — a very small and simple
structure for an IC.

The basic CHWOS D flip-flop 15 shown below.

www.play-hookey.com

clickable —

p | _
\n__ l —|><>—u

CLK CL

l_ l_ l_ l_ l_ |ﬁ Internet

NN




Transistor Level Master Slave
Positive Edge Triggered Register

On

D
CLK |E

B Robust Design

L
@o— >c T >olo
1
&
>C T

HEL b

>c
>c

B Can eliminate |, and I,, however, they make design
more robust (avoid charge sharing, robust input)
(see next)

® High Clock Load (8 x)

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Set-up Time Simulation

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential

3.0
2.8
20 F T
215 F 1
o |
>

1.0 i

05 F T

0.0

-0.5 ' '

0 0.2 0.4 0.6 0.8
time (ns)

Slightly smaller delay
between D and CLK

13/03/28
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Ratioed Reduced Clock Load
Register

DO——Q

I

_04<|_

[ e-8

|, and I, are small, even long

Lower clock load

Increased design complexity

Reduced robustness (reverse conduction / backdriving)

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28

37



Simple Master-Slave Register

Clock phase overlap is important design problem

CK, CK,
|> - |> =5
\/ T \./__L>

CK,=1 CK,=1

B Similar problem for 0-0 overlap

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Dynamic Edge Triggered Register

1 1

1

==C1 CZ
1T 1 1T L
TR = CLK =

(0,0) overlap ,_
CLK "
j1 1) overlap
tsu tTl
Lol approximately zero
leq L+ + 15
toverlap0-0 < tyy + 1t +1t;, Preventrace through T, I, T,
lhold > overlap 1-1 Enforce hold-time constraint
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Clocking and CSE problems

B Clock overlap with multiple phases
great problem in view of clock skew

B Power —Iin some cases, around 50% of total power
B Delay — setup time, clk-to0-Q, ..
B Robustness

B Noise-sensitivity of element,
specifically for dynamic elements

Next: advanced CSEs to combat some of the above

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Other Latches/Registers: C2MOS

Clocked CMOS Register — insensitive to overlap

Vbp Vbp
— M, —d | M
CLK —d|M, CLK - Mg
De—e 3 )a( ® 3—0—0 Q
P — Cu =— Cp
CLK —{|M; CLK —||M;
— M —— |Ms
L L
Master Stage Slave Stage

“Keepers” can be added to make circuit pseudo-static

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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C2MOS Latch

Clocked CMOS Latch Voo
44 M,

A 4| A .c” A CLK - |M,
Al M,

E

Slightly ... Slower
Slightly ... Smaller
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Insensitive to Clock-Overlap

VbD Vbb Vbp Vbb
i
—q|M; —|Ms —d M, —|Mg
CLK i CLK i
0-d|M, 0-d [Mg
X | X
Do—e _l—o—+ _|—Q—O Q D—=o _‘T. _T—O—O Q
J— J— 1_| |\/|3 J— 1_| |\/|7 J—
—|M; —— |Ms — My —— |Ms
L L g e
(a) (0-0) overlap (b) (1-1) overlap

Output always decoupled from input, even with overlap
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Other Latches/Registers: TSPC
True Single Phase Clocking

Vop Voo Vop Voo

—d[ —d4
j__ j T Out
In__ | CLK_| CLK_| :T_—_ In_| CLﬁOI CL% y
Ko B o ool

Positive latch Negative latch
(transparent when CLK=1) (transparent when CLK= 0)

TSPC register: positive and negative latch in cascade
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Including Logic in TSPC

PUN

.

f
5
e

O
O
=z

Example: logic inside the latch

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential

b |
CLK_| CLK

In1—| 4|

AND latch
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Alternative TSPC Register

Moo Voo Voo
CLK o)
—d M Mg ——d [Ms Q
| Y j/[:
Q
D CLK X CLK
CLK
B IV [ — Y
Clk=0 |D sampled on X Precharge Y to VDD |Y 7 doesn’t make Q’ |
Clk 1 Evaluate based on X
Clk =1 | Falling X can’tcharge Y | Y is stable Y sampled on Q

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Pulse-Triggered Latches
An Alternative Approach

Remember: Use registers to avoid race-around problem.
Two latches in cascade: master-slave
Alternative: Pulse triggered latches

L1 L2

Data

D Q D Q

Clk

Master-Slave Latches

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential

Data

D QfF—

Clk

N Hck

Pulse-Triggered Latch
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Pulsed Latches

Voo Voo

- Y

-
-

My
1 1

(a) register

.
[

CLK

W)
|
(@)
—
e
()
=
(@)
—
-~
(®)
=9
O
§L{

L CLKG
x
My ||

(b) glitch generation

CLKG H

(c) glitch clock

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Pulsed Latches

Hybrid Latch — Flip-flop (HLFF), AMD K-6 and K-7 :

CLK ci P, —\% P,
X
L 4

‘ + v Mg

b Hm; 4%_ Ms
VDD

[>: [>: [>: * Mi  CLKD My

\Y% \Y%

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential
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Hybrid Latch-FF Timing

3-0 | | | | | | |
20 __ D —> - Q __
o 151 —
= i 1
= 10} —
0.5 CLK CLKD —
B | Vi i
0.0 —
T D T R
20.5
0.0 0.2 0.4 0.6 0.8 1.0
time (ns)
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More Topics

B Reset and enable inputs

B Scan-enabled CSEs

B Sense-amplifier based CSEs
B Double-edge triggered

B | ow-leakage sleep mode

m (Ultra) Low voltage

B Soft-error / SEU tolerance

B Timing of CSEs

TUD/EE ET4293 digic 1213 - © NvdM - 05 Sequential 13/03/28
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Summary

B Background
B Timing, terminology, classification

B Static CSEs
B Latches
B Registers

B Dynamic CSEs
M Latches
B Registers
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