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Overview

- Transmission gates
- Basic stora ge-cell concepts
- Metastability

. Static latc hes & register s, brief primer on
dynamic logic, dynamic latc hes &
register s, trading off comple xity in
iIndividual memor y elements vs.
comple xity in c lock-deliver y netw ork

- Pipelining
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The Transmission Gate

Basic idea: reduce n umber of transistor s in design b y allo wing inputs to
drive not onl y gate terminals b ut also sour ce/drain terminals.

(similar in this regar dto pass-transistor logic)

Recall:

e NMOS will not passa “1”
e PMOS will not passa “0”

GS\, —T
[ C,
Vop = [Vl
—_— v p
VGS/

V1p

« Body effect (Vgg #0) causes V), to increase
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The Transmission Gate

Solution: use both

|
!

)]

Out IN Out

IN

S
Out=(S)?In: Z;

Potential pr oblem: unlike other static logic
gates, this can allo w output to be floating
(not connected — thus, easily perturbed by
nearby signals suc h as metal wires abo ve)
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The Transmission Gate
W noly I LLL G G55 LELL .

g metal i ////////T
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Sometimes standar d cell inc ludes S In verter
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The Transmission Gate

-
s

L e

Complementar y
Implementation

A

TG Implementation

AORB

1
1

s
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The Transmission Gate

VDD

-
s

-,

|

Complementar y

Implementation

TG Implementation

A

A=0, B=0 _{Ll

B (0)




ENEE 359a
Lecture/s 12-15
Sequential Logic

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 8

O

UNIVERSITY OF MARYLAND

The Transmission Gate

VDD

-
s

-,

|

Complementar y

Implementation

TG Implementation

A

A=0, B=1 _:Ll

B (1)
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The Transmission Gate

VDD

-
s

-,

|

Complementar y

Implementation

TG Implementation

A

A=1, B=0 _:LO

A (1)
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The Transmission Gate

VDD

-
s

-,

|

Complementar y

Implementation

TG Implementation

A

A=1, B=1 _:LO

A (1)
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The Transmission Gate

-
s

'| A NORB
= TG Implementation
Complementar vy A
Implementation A=1, B=1 _l_o
1 Al
N (1)

Q: why can’t we just use nFET here?
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The Transmission Gate

VDD
i L
A —C O— B
1 [
_ | L _
A —C O— B
1 [
1 Lk  AXORB
A — — A -
u - TG Implementation
. T B
o~

A
Complementar y 5 A XOR B
Implementation
0
A
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The Transmission Gate

VDD
i L
A —C O— B
1 [
_ | L _
A —C O— B
1 [
1 Lk  AXORB
A — — A :
u - TG Implementation
s —If 1—8  A=0,B=0 _E
i i 0
A
= _I
Complementar y g_1 A (0)
Implementation 1
17
A
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The Transmission Gate

VDD
i L
A —C O— B
1 [
_ | L _
A —C O— B
1 [
1 Lk  AXORB
A — — A :
u - TG Implementation
s —If 11—  A=1B=0 _E
a B 1
A
= _I
Complementar y g_1 A (1)
Implementation 1
_ 072
A
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The Transmission Gate

VDD
i L
A —C O— B
1 [
_ | L _
A —C O— B
1 [
1 Lk  AXORB
A — — A .
u - TG Implementation
5 —If 1—8  A=0,B-=1 _E
i B 0
A
_ -1~ Z
— O —
Complementar y 50 A (1)
Implementation 0
1 0O
A
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The Transmission Gate

VDD
i L
A —C O— B
1 [
_ | L _
A —C O— B
1 [
1 Lk  AXORB
A — — A :
u - TG Implementation
5 —If 1—8  A=1B-=1 _E
a B 1
A
_ -1~ Z
— O —
Complementar y 50 A (0)
Implementation 0
0 0O
A
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Transmission-gate logic

A —QO >— B IS a hug e win for cir cuits that

need XOR/XNOR and similar
functions, e.g. full ad ders

SLIDE 17

A —QO >— B

| I | I -
11 1 -

~ AXORB XOR = AB + AB
A — — A
| - TG Implementation

5 —II 1—8  A=1,B=1 _E

= 0 B
Complementar y —~ 0 A (0)
Implementation

@ T

UNIVERSITY OF MARYLAND
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Basic stora ge-cell concepts

DEFINITIONS (from the book):

1. Flip-fl op: bistab le componentb uiltby
cross-coupling logic gates

2. Latch: level-sensistive stora ge element
3. Reqgister : edge-trig gered stora ge element

(the literature on the topic is not consistent in its use of these terms,
SO beware and try to fi gure out fr om conte xt what someone means ...)
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[: [: [: ... what happens ne xt?

DC 0 ll: 1
\Z1 Vo ... what happens ne xt?

O

UNIVERSITY OF MARYLAND
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Basic stora ge-cell concepts

Bistab le? Only two stab le points on VTC

[: 0 [: 1 [: 0
... what happens ne xt?

0 1 |
{>Cv1{>072 -

Vi

this is a stab le cir cuit C (“‘metastab le”)

(and, in par ticular , bistab le)
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Basic stora ge-cell concepts

Cross-coupling? Memor vy as feedback

[: 0 II: 1
This: Vi Vo

me — >0 Q (V1)
>C Q (Vo)

Question: how do we write a new value?

o« Cutting f eedback loop (m ultiple xer-based)
Overpo wering f eedback loop
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Multiple xer-Based Latc hes

Negative Latc h Positive Latc h

_>1\ Q —>O\ 0
D=1 0 D— 1
1 7
CLK CLK
ClK[ L [ L[ L okl L[ L[ |
o ML LT o ML
—{|<—delay thrg latchi —||<~delay thri latch
O W vl Q =l N
CLK_ | CLK | B
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Multiple xer-Based Latc hes

Positive Latc h

CLK \

CLK
4 CLK
D E
T CLK
CLK : 1 : :
D LA
— |<— delay thry latch
Q LT
CLK
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SLIDE 25 D Q

/\
*CLK

tsu | tHoyp

D DAJTA
STABLE

Q OUTPUT
VALID

UNIVERSITY OF MARYLAND
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Metastability

SET-UP and HOLD time violations

CLK
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Metastability

Intuition behind the beha vior

T +Vcc/2
cLK D Vout S]_ l\
DL — amp>
T Vin I/ Vout
o —_— -Vcc/2
—___C,\Vc
. S, opens, breaking
S, open, feedback loop
Sl closed m connects input to capacitor C
Vin e K‘
Ve <,
Vout // Yy — Kt
Clocking moment | __||. VOUt (t) — Vin e

Amplifier dela y
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Metastability

Intuition behind the beha vior

N -

+Vcce/2
CLK —| >O_%ut Sl l\\
0O
Vin | - am
Vin >o_]__—_[_ V|n I/p/ Vout
o —_— —-Vcce/2
—__C,V¢
. S, opens, breaking
S, chosed feedback loop
S1  closec m connects input to capacitor C
Vin S K‘
Ve

\a—

Vout jpad -

_ -~
Clocking moment

Vout (t) = Vin el

— |-—

Amplifier dela y
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Static latc hes & register s

Set-Reset Flip-Flop (tw o types)

S > o
5

b O +» O O\

r B, O O T
O = O R 0O

Q|

o r r O

QO

O F» O WU

, B O O X
© O Fr 0 O
o +r o QO
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Static latc hes & register s

NAND-based SR Flip-Flop

0

T 0
>

1

Q

“f orbid den” state, Q == Q

S RQQ
0011
1001
0110
11QQ
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Static latc hes & register s

NAND-based SR Flip-Flop

1

=g
>

Q|

S RQQ
0011
1001
0110
11QRQ
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Static latc hes & register s

NAND-based SR Flip-Flop

0
S

B
>

Q|

S RQQ
0011
1001
0110
11QRQ




ENEE 359a
Lecture/s 12-15
Sequential Logic

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 33

Static latc hes & register s

NAND-based SR Flip-Flop

S 1> S RQQ
1/ Q 0011

/1 1 0 0 1

] DL onio
1 11 QQ

Q and Q keep their pre vious v alues if this
state Is reac hed from a non-f orbid den state
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Some Issues

Forbid den FF states

’ >
D Qt+1
10
D latch 0 1
(transparent)

Q|
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Some Issues

Forbid den FF states
S

o=
=iy,

CLK S R Qug

0 X X Q
Gated SR latc h 1 0 0 Q
(transparent)

1 010

1 101

1 1 1 x




ENEE 359a
Lecture/s 12-15
Sequential Logic

Bruce Jacob

University of
Maryland
ECE Dept.

SLIDE 36

O

UNIVERSITY OF MARYLAND

Some Issues

Forbid den FF states

CLK |

T
>

o

Gated D-latc h
(transparent)

Do
>—1
CLK D Qi
0 X
1 0O 0
1 1 1
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Some Issues

Feed-thr ough and race conditions

—l

cw/ O\ /[
00 O 5 C N 00

Transparent latc hes allo w combinational
logic results to be seen asits o wn inputs
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Some Issues

Feed-thr ough and race conditions

Master -slave D register (neg-edg e trig gered)

!CLK
IS m
CLK

[ ] 1 =
[
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Some Issues

Cost of Cloc k Netw ork (driving hug e load)

_ELK
- T oL Clock netw ork drives 4 transistor s
Y - per latc h ... power-expensive .
vin T Alternative design:
CLK

J_CLK 0
5 Pot—Poro

LK

 Design w/ NMOS pass transistor s presents smaller
load to CLK; INV can reco ver low “1” but at a cost

« However: requires non-o verlapping CLK/ CLK ... why?
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SLIDE 40 ?
4 w o L Similar e xample ,
T Y ? with master -slave
CLK —-[>0—W[>0-4=—=[— organzation
oL o

CLK

CLK

>

Q

JELK J_CW
D {>o__[>c {>O__[>O_

CLK

O
—
A

O

UNIVERSITY OF MARYLAND
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Some Issues

Number of Transistor s: Dynamic Logic

(first: Primer ... recall complementar vy logic)
VDD

“Dual” networks

Pull-up
Network
(pFET netw ork)

INPUT/S OUTPUT

Pull-do wn /

Network
(nFET netw ork)
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SLIDE 42 (... no long er complementar vy ...)

VDD

CLK —c||:

INPUT/S OUTPUT

Pull-do wn
Network
(nFET netw ork)

@ CLK—Q

UNIVERSITY OF MARYLAND
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SLIDE 43 (... relies upon capacitance , burns po wer)

VDD

CLK —c||:

INPUT/S OUTPUT

Pull-do wn
Network B
(nFET netw ork) —

@ CLK—Q

UNIVERSITY OF MARYLAND
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Some Issues

Number of Transistor s:
CLK

Dynamic Storage

Dynamic latc h (transparent)

__ Create “pseudostatic” latc h:
—Q Make this in verter weak

feedback loop.
How to make weak in verter:

V‘/ so that D input o verpowers

WI/L: make W small or L lar ge

e-trig gered register
CLK

i
T o
C;LLI_(
>

1
T

CLK ==
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SLIDE 45 _l_ _l_ ThIS a”O WS feed'thr OUgh
o—J F—]—T F e when clocks overlap.
T LT .
CK = CLk = This design does not:
VDD VDD

(@)
(@)

@)
—
Za)
A
@)
—
7
A

CLK — CLK

© 1 1

UNIVERSITY OF MARYLAND
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

EXAMPLES:

asymmetric duty cycle clock overlap:

non-zero skew
CLK / a

/

—

]

CLK

Dol o
%

QO

ON at the same time * \_=
(when CLK= CLK=1)
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

EXAMPLES:

asymmetric duty cycle clock overlap:

i T\

]

CLK LK

! iﬁthe same\the
D {>c {>o— Q

&=/

LK = CLK =
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SLIDE 48 EXAMPLES:
asymmetric duty cycle clock overlap:
non-zero skew /\
CLK / /
/

a4

CLK=1,CLK =0

M | };
I

C_I_(
l>°&y

— CLK —

O

UNIVERSITY OF MARYLAND
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SLIDE 49 EXAMPLES:
asymmetric duty cycle clock overlap:
non-zero skew /\
—
CLK / /
/

CLK=0,CLK =0

D

CLK
O CLK = CLK =

UNIVERSITY OF MARYLAND
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

EXAMPLES:

asymmetric duty cycle clock overlap:

non-zero skew
CLK / a

/

—

]

@)
=
~
O
—
A

—

O
O
x
|
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

EXAMPLES:

asymmetric duty cycle

CLK 45% 55%

@)
—
A

CLK =1,

D

_l}_(

C
C

LK =

clock overlap:

non-zero skew /\

/

LK =1

]

—

.

CLK
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

asymmetric duty cycle clock overlap:

non-zero skew /\
/ T

_, /

]

VDD VDD
J J
—q —
CLK —cj: CLK
o — 1 .
_H |
K—[ L |[cuw i
1 L L
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non-zero skew
SLIDE 53 /\ /
CLK / /
_/

]

CLK=0, CLK =0
VDD VDD
T<Can’t both be on T

¢ L F

UNIVERSITY OF MARYLAND
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

asymmetric duty cycle

CLK=1,CLK =1
VDD
d
—
cLf—d
D — 1
|
cin—l /L
L
1

non-zero skew

K

clock overlap:

Y X 'E
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Some Issues

Non-o verlapping ¢ locks: Clocked CMOS

asymmetric duty cycle clock overlap:

non-zero skew
CLK / '/ ~

/

CLK=1,CLK =1

VDD VDD
lT lT
] ]
CLK—CI W—cl

LK 1 CLK —_—
T T

- — |
Can’t both be on _-|_

—
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Some Issues

Non-o verlapping ¢ locks:
“True” Single-Phase Cloc ked Register

VDD VDD VDD

q q i)

O —C ——
— _C- B _-

Positive edg e-driven register
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Some Issues

Non-o verlapping ¢ locks:
“True” Single-Phase Cloc ked Register

VDD VDD VDD
) d VDD
qL . e z
1 D (chg)

— —0

: VDD .[
- (pre) |

CLK=0

Output = Z => output is stable (dynamic)
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Some Issues

Non-o verlapping ¢ locks:
“True” Single-Phase Cloc ked Register

VDD VDD VDD
D (eval) ) B
d — D
_ 5 .t
I[_WZ _F D (evayt

CLK=1
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SLIDE 59 VDD VDD VDD

d %‘% Vdd->§[|_ :
K AT A

O

UNIVERSITY OF MARYLAND
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SLIDE 60 VDD VDD VDD
d d VDD
qad = e, z
1 D (chg)
— —d

- VDD .[
: (pre) |

CLK=0

O
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SHPESE VDD VDD VDD
%% VDD
q %& 0
0 1

I _||: VDD |-
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Some Issues

Non-o verlapping ¢ locks:
“True” Single-Phase Cloc ked Register

VDD VDD VDD

d Vdd->§IjE|_ :
— 10

Note: if D is allo wed to transition fr om O to 1 too soon after CLK transitions
0->1, it is possib le to close FET #5 bef ore the fi nal capacitance disc harges
(Vdd -> 0) ... whic h would ob viousl y pose a pr oblem.

This represents the hold time of this register .
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Some Issues

Clock power: Dual-Edg e-Triggered Reg.

e L L L L L L
o LR AL N K

Note that ¢ lock transitions twice as often as
data does (actuall y, even more , unless the
data pattern happens to be 01010101010 ...)

Max data rate = 1Gbps; clock rate = 2GHz

At high frequencies, thisis a pr oblem
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oA f L AL AL AL A

I CLK
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Some Issues

Simplicity , speed of design: Pulse register s

CLK T
CLKG
— -

cxe [\ I\ I\

For use with transparent latc hes: creates de facto register s, provided y ou
do thor ough timing anal ysis to guarantee inputs to latc  h stab le during
transparent windo w.

Benefits: latc hes much faster than register s, use fewer transistor s, present
lighter load to ¢ lock netw ork (leads to lo wer po wer consumption).
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SLIDE 66
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Some Issues

SET-UP and HOLD time , max. clock rate

| region of inter\Fst
/

D xJnstab le * Unstab le /

Q \ Unstah IeX V?I'I/output

\ 7
> lelkto-Q OF tprr

tsetup L I td

A
y
A |
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Some Issues

SET-UP and HOLD time , max. clock rate

P> < < -

tsetup  tpFF tpLogic = delay through logic

Max. clock frequenc vy:

Tmin 2 thF + tpLogic + tsetup
I:max <1/ (thF + tpLogic + tsetup)
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SLIDE 69 VDD pad vDD
Data pad | |Z8X
— 1] | |
/ D Q D Q
—\ ZS 000
) & Clk Q= Clk Qf—
Clk pad |2\ r
/\ e

VSS pad ESD + I/O Buffers Register GND Register
500ps 450ps

Worst-case logic dela y: 950ps vs. 500ps

O
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Pipelining

Goal: Decrease po wer dissipation

VDD pad VDD

‘ Iu

Data pad | |Z8X ‘

/‘ 4 O L L
D Q D Q
—\ ZS - | - _ . 000
__/ Clk Q—» Clk Q>
Clk pad |2\ r r
/\ >
VSS pad ESD + I/O Buffers Register GND Register

500ps, 100pF  450ps, 80pF

Dynamic P ower ~ CV?f

« Canreduce Vpp & fpmax @and maintain thr oughput




