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Combinational
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Combinational

Output = f(In)
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Combinational vs. Sequential Logic

Out

State

Sequential

Output = f(In, Previous In)
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Static Complementary CMOS

a Pull-up network (PUN) and pull-down network (PDN)

PMQOS transistors only

pull-up: make a connection from V to F
when F(Ing,In,,...Iny) =1

F(Iny,In,,...Iny)

pull-down: make a connection from F to
GND when F(Ing,In,,...Iny) =0

NMOS transistors only

PUN and PDN are dual logic networks

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



A%;%m PUN gm0 39 PMOS | 3>
PUN Ve Vo
VGSQ/TF/' 0—-Vpp
- &
Vop = 0 0 — VDD \ 0— Vpp - Vo,
T C, Vs>V C,

S ool dins “L NMOS Ll wS bl 655 “L “ sl e oy, <Jl> ,s PMOS O
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ﬁ%m Construction of PDN

0 NMOS devices in series implement a NAND function

—  A-B

A+B
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Example Gate: NAND
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Voo
A B Out A °-0| B o—ct”
0 0 1
0 1 1 [T OUT=A+B
1 0 1 4 o
1 1 0 ]
Truth Table of a 2 input NAND —
cate B o
1

PDN:G=AB = Conduction to GND

PUN:F=A+B =AB = Conduction to V

G(Iny, Iny, Ins, ..) = F(Ing, Iny, Ing, ...)
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U 5900 4w O
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A+B=A<B [(A+B)=!A+I1B or |(A|B)=!A&!B]

A*B=A+B [(A+B)=IA+IB or |(A&B)=IA]!B]

39l oo SYL Al jo Gy Jlail 4 bows 1S ol Al jo (g5lee JLasl @
pS o 00l (295 005 Cala by S ol A @

JoSa 1y 699, PMOS) S o 00l )5 500 anad bl p 1) 2SYL as @

WS oo 3l (09)l9) oo (2,5 aden L] LS CMOS slo <50
(NAND, NOR)
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Example Gate: NOR
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BB A B F
54l 0 0 1
A=l 2 0 1 0

- a 1 0 0

1 1 0
A—ll2 B2
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e Complex CMOS Gate

B—
A
C—
D—
OUT=D+A-«(B+C)
A —
D
B—| CH
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e Complex CMOS Gate

B—
A
C—
D—

OUT=(D+A+(B+C))

AN
B C—
_
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Routing
channel

GND

What logic function is this?
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T 6‘ 4‘5-0 )‘03.03

layout jtsls b5 le 5wl olilr

V V
Inverter > l o J(—')E—J(

Out Out

[ ok

GND GND
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CMQOS 2-Input NOR with Layout

0 Features of the layout are similar to the 2-input NAND
e Single vertical poly lines for each input
e Single active shapes for N and P devices, respectively
e Metal busing running horizontal

O Also shown is a stick figure diagram for the NOR2 which corresponds directly to
the layout, but does not contain W and L information

e Stick figure diaagram is useful for plannina optimum layout topology

Vo VDD .
Vop. ‘ vDD
- — = % %
o T = ‘ 7 -
Vg M3 i f/;' /
—iL _IRE ma) || | nwell e ?’ g !
Vg —-0|EM4 - — :é ?Z >
Vout out wo |} g ° % !
_ - — /—* -
= ﬁ .
- W (wo) | we) [ — e
y , v R
A~ w e —[_me 7 é
' A Vg
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L OAI21 Logic Graph

A— X PUN
j C
B— 4 C
X =1(C+ (A+B)) X ! Voo
c—

i v
A=l —B o

j} GND

Owx>
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Two Stick Layouts of !I(C « (A + B))
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GND

uninterrupted diffusion strip
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Qi%%@ Consistent Euler Path
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0 An uninterrupted diffusion strip is possible only if there
exists a Euler path in the logic graph

e Euler path: a path through all nodes in the graph such that
each edge is visited once and only once.

GND A B C
0 For a single poly strip for every input signal, the Euler

paths in the PUN and PDN must be consistent (the same)
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s i OAI22 Logic Graph
A— o C X
X = (A+B)(C+D)) X ¥ 9 Voo
- 0 B A
A— —B

PDN
A GND

. B

S D
D
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Layout Technique using Euler Graph Method

0 Euler Graph Technique can be used

% 7 % ; P
7 7 2 7 )
17 . / /
?.é D?’s séo s%
O—é / 2* L ?_' .é. pMOS
Dgs Sén. .!ﬂ ﬁ g
— / / =
12 Dés .z‘ % g‘%.
. — e e | s
Dés é" Dﬁs Dgs sgu
% %
0 é 3 7o
A E B D o]

to determine if any complex CMOS
gate can be physically laid out in an
optimum fashion

e Start with either NMOS or PMOS
tree (NMOS for this example) and
connect lines for transistor
segments, labeling devices, with
vertex points as circuit nodes.

e Next place a new vertex within each
confined area on the pull-down
graph and connect neighboring
vertices with new lines, making sure
to cross each edge of the pull-down
tree only once.

e The new graph represents the pull-
up tree and is the dual of the pull-
down tree.

The stick diagram at the left (done
with arbitrary gate ordering) gives a
very non-optimum layout for the
CMQOS gate above.

R. W. Knepper, SO%74 ;- st B 460



Layout with Optimum Gate Ordering

s 0 By using the Euler path approach to re-order the
' polysilicon lines of the previous chart, we can obtain an
. °— optimum layout.
— 0 Find a Euler path in both the pull-down tree graph and
8 _{l o_c“fl the pull-up tree graph with identical ordering of the
| inputs.
‘ e Euler path: traverses each branch of the graph exactly
A_;[: 5 once!
o] . oy 0 By reordering the input gates as E-D-A-B-C, we can
obtain an optimum lavout of the aiven CMOS aate with
= = = single 2 o % % 2
/ _ _ . .
(belov ’g g % {éf é VDD
- — 1 e~
o ’//; é ® é s g D Dg s
Fata 0—% > 4—0—?——%—. | pmos
19 \:\\\D Dé,s Dﬁs s%n g ® g
I BN
I y 1 / é ?ﬁ g 7 % ouT
Common.Euler.path H\\: . /}"E 4? Jﬁ H,é/ 7 gr ng?
' /'Of:f 7 %‘g‘ ? ¢ g g nMOS
E-D-A-B-C /) A Dgs Sé/o S é/’i D?/S _g T
D
A B {\ '{[;c Jg Jéf Jg’ﬁ % éﬁ GND
N/ : 7 7 . 7
y = E D A B o] =

nMOS network

R. W. Knepper

pMOS network Wf;%l%ﬂé’ag&&



B OAI22 Layout

GND

0 Some functions have no consistent Euler path like
Xx=1(a+bc+de) (butx=1!bc+ a+ de) does!)
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@%9 XNOR/XOR Implementation

XNOR XOR

D

A®B

il
Y
i
%&f

D}E ﬁ*A@B

0 How many transistors in each?
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out —

in

A=

Cout= Cin & (A B) [ (A& B)

out —
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52
el Srio oSiils

Static CMOS Full Adder Circuit

B

IC,,=!C, & ((A|B) | (A& B) !'Sum=C,, & (A|'B|!C.)|(A&!B&!C,)
B—
B A B[ Crd[ 4
.
A i Ce
!Cout ISum
A C-
A
B A—| BH| CqH
B
Sum=1C,, & (A|B|C,)| (A& B &C,)
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NAND cof I aasuie

0.5p/0.25u NMOS

1 37 0.75u /0.25u PMOS
A —dlm, B —di[m,
27 —AB:0->1
_ . —B=1,A0->1
F=A-B — A=1, B:0->1
D weaker
A A _\AM 1+  PUN
Vies2 = Va—Vbs1 D 1 Cint
B B 1M, L
S — ——
Vas1 = Ve \__ 0 ) )
— 1

a The threshold voltage of M, is higher than M, due to the
body effect (y)

Vi1 = Vrno
VTn2 = VTnO + Y(\/(lzd)Fl + Vint) B \/|2¢F|)
since Vg of M, is not zero (when Vg = 0) due to the presence of C/nt
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ﬁ’%@ CMOS jSg,lg 39 wl 59700
VDD

K o = f(Rn, Cp)
Lo = 0.69 Regn C

R, % T“ o = 0.69 (3/4 (C Vpp)/ lpsatn)

=0.52 C,/ (W/L, K, Vpsarn)
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Q%%@; }558 uﬂhu ‘Slb )&b‘)
C, L=l O

DS 9 ooygw T pels @
OYlail oyl eSS @
Fanout ols e
WI/L e swliel 3
ghb Ll 3o by oy e @
Self Loading sl a; a>g5 @
Vpp ol O
Oly Sl Gl#l g 0 Sdee (59, (25> 536 @
Slope engineering 0O
. - = . = . q a N ®
A3l ol ol b yeS (69959 JUSow ol 5l S8 o35 9 99r0 Oloj s aSST (10 (236
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A
T T \f

T\? E\? | ng B\%

S L K\ Ro T int
Rz Ia — y
A\lo = | f |

I A 1
F;f T Cu L F;\g F;? =

. INVERTER N

L L —
NAND NOR



250 8595899590919 b
[3,15 609,9 o ools &0 s U O

(>9,~) Low to High ,=t QO

N g IOW (lajon (53959 9 0 ST @
_ER 3R, | | |
A B\ 0 delay is 0.69 R,/2 C since two p-resistors are
f | f on in parallel
R,g TcC 295 LOW (509,5 S; Lais 51 @
A\f Q delay is 0.69 R, C,
Ré__I_ (>3,>) High to low ,s50
C, .
a Aigh HIGN (55,9 50 0 35 Lis @
—L a delay is 0.69 2R, C,

7B Gl el sl Gl BT gy b ygims 351 9,5 6 U
D9 (59
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$9939 S JUsw 4wl S

2-input NAND with
NMOS = 0.5um/0.25 um
PMQOS = 0.75um/0.25 um

oS ol Sirio olKisls

\jgltage, \..

3 C,_=10fF
2.5
2 - Input Data Delay
5 - Pattern (psec)
A=B=1-0 35

14 A=1, B=1-0

A=1, B=1-0 76
S A= 10, B=1 57
O N T T T

0 100 200 300 400

time, psec
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B T gy vewepe] Jegrt LY P S
N N T
_§Rp _§Rp L R,
2 A\f B\‘f 2 4 B\F
| >
Rn§ i_iCL 4 _§Rpi_iclnt
2 A\|o A\F
| |
2 Rn§ i_icint 1 Ré Ri f_iCL
B\O A\O B\O 1
L L L
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Wp(min)=2Wn(min)=2W

B—| 4 8W

A—]| 2 4w

C|l 4 sw

OUT=!(D+A+ (B +C))

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



- Fan-In Considerations
A-| B-| C—| D }
A LC
1
Bl Lc, Distributed RC model
C _ i 2 (Elmore delay)
1
AL LGt = 0.69 Rygy(C1+2C,+3C,+4C))

Propagation delay increases as a
function of fan-in — quadratic ally
In the worst case.
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t as a Function of Fan-In

guadratic
function of
fan-in

linear

function of
2 4 6 8 10 12 14 16 fan-in

fan-in

] Gates with a fan-in greater than 4 should be avoided.
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qi’%‘p Fast Complex Gates: Design Technique 1
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a Transistor sizing
e as long as fan-out capacitance dominates

1 Progressive sizing Distributed RC line

ny MmN LC, M1>M2>M3>...>MN
| (the fet closest to the output
In; M3 T, should be the smallest)
L
In, —m2 Lc,
n _% Can reduce delay by more
1ML =Gy than 20%; decreasing gains

- as technology shrinks

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



3?%%1 Fast Complex Gates: Design Technigue 2

a Input re-ordering
e when not all inputs arrive at the same time

critical path critical path
0—1
v __I_(%[]arged In, M3 ICLcharged
1 L In, L f
M2 L C,charged 2 M2 J__C ,discharged
— In, M1 ic charged Ing 1 M1 L C, discharged
01 ! L

delay determined by time to delay determined by time to
discharge C, C, and C, discharge C,

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



Sizing and Ordering Effects

}

A —|[4 4
B 45ic3
C—46i )
D—47ic1

oS 5 e 5l yloe t 2y Juad - VLS| ol yle oo yb

1 C,=100fF

Progressive sizing in pull-down
chain gives up to a 23%
Improvement.

Input ordering saves 5%
critical path A— 23%
critical path D — 17%

¥ — bl vuzxo



0 Alternative logic structures

F =ABCDEFGH

wjslvle
;

T
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3?%%0@ Fast Complex Gates: Design Technique 3




ﬁ%}; Fast Complex Gates: Design Technique 4

Q Isolating fan-in from fan-out using buffer insertion

0 Real lesson is that optimizing the propagation delay of a
gate in isolation is misguided.
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@’%’% Fast Networks: Design Technique 5 - Logical Effort

oS ol Sirio olKisls

O The optimum fan-out for a chain of N inverters driving a load C, is

e SO, if we can, keep the fan-out per stage around 4.

i =Nc,/c,)

0 Can the same approach (logical effort) be used for any combinational

circuit?

e For a complex gate, we expand the inverter equation
tp = oo (1 + Copd 7C,) = to (1 + /)

to

tp = tpO (p t g f/Y)

- t,o IS the intrinsic delay of an inverter

- f is the effective fan-out (C

ext

IC,4) — also called the electrical effort

- p is the ratio of the instrinsic (unloaded) delay of the complex
gate and a simple inverter (a function of the gate topology and

layout style)

- g is the logical effort

oS 5 e 5l yloe t 2y Juad - VLS| ol yle oo yb
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Intrinsic Delay Term, p

0 The more involved the structure of the complex gate, the
higher the intrinsic delay compared to an inverter

Gate Type

Inverter
n-input NAND
n-input NOR

5| 53| |0

Ignoring second order
effects such as internal
node capacitances

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



Logical Effort Term, g

0 g represents the fact that, for a given load, complex gates
have to work harder than an inverter to produce a similar
(speed) response

e the logical effort of a gate tells how much worse it is at producing

an output current than an inverter (how much more input
capacitance a gate presents to deliver it same output current)

Gate Type g (for 1to 4 input gates)
2 3 4
Inverter
NAND 4/3 5/3 (n+2)/3
NOR 5/3 713 (2n+1)/3

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue
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Assuming a pmos/nmos ratio of 2, the input capacitance 0
of a minimume-sized inverter is three times the gate
capacitance of a minimum-sized nmos (C.;)

Example of Logical Effort

— A2 B |2 B4
A A-B
AL A [ A+B
- B A=l B

Cinit =4 Cinit =95

unit — unit —

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



Delay as a Function of Fan-Out

normalized delay

effort delay

I Intrinsic delay

0 1 2 3
fan-out f

oS 5 e 5l yloe t 2y Juad - VLS| ol yle oo yb

4

5

a The slope of the line is
the logical effort of the
gate

a The y-axis intercept is
the intrinsic delay

0 Can adjust the delay by
adjusting the effective
fan-out (by sizing) or by
choosing a gate with a
different logical effort

0 Gate effort: h = fg

¥ — bl vuzxo



@% Path Delay of Complex Logic Gate Network

a Total path delay through a combinational logic block

ty=2 1t =ty 2(p; + (f9)/v)

0 So, the minimum delay through the path determines that
each stage should bear the same gate effort

f10; = 1,0, = ... =9

0 Consider optimizing the delay through the logic network

%w B
Tc 5

how do we determine a, b, and ¢ sizes?
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‘%%L Path Delay Equation Derivation

0 The path logical effort, G =11 g;

0 And the path effective fan-out (path electrical effort) is
F=C,g,

0O The branching effort accounts for fan-out to other gates
In the network

b = (Conpath + Cott-path) Con-patn
a The path branching effort is then B =[] b,
0 And the total path effort is then H = GFB
0 So, the minimum delay through the path is

N
D = tyo (Zpj+ (N VH)/ )
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qi%% - Path Delay of Complex Logic Gates, con’t

Q For gate i in the chalin, its size is determined by

-1
S = (9, Sl)/gijljl (fi/b;)

%ak b o ¢

Q For this network
e F=C,/Cy =5
e G=1x5/3x5/3x1=25/9
e B =1 (no branching)

e H = GFB = 125/9, so the optimal stage effort is 4H = 1.93
- Fan-out factors are f,=1.93, f,=1.93 x 3/5 = 1.16, f; = 1.16, f, = 1.93

e So the gate sizes are a = f,g,/9, = 1.16, b = f,f,g,/g; = 1.34 and
c = f,f,f;,0,/9, = 2.60

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



s o

Ratioed logic
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Introduction

0 What makes a circuit fast?
o | =CdV/dt -> t,oc(C/l) AV
e low capacitance
e high current
e small swing

98]

il
e
e e
_<

0 Logical effort is proportional to C/I

a pMOS are the enemy!

e High capacitance for a given current

0 Can we take the pMOS capacitance off the input?

a Various circuit families try to do this...

oS 5 e 5l yloe t 2y Juad - VLS| ol yle oo yb
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Q%%m Pseudo-nMOS

Q In the old days, nMOS processes had no pMOS
e Instead, use pull-up transistor that is always ON

a In CMOS, use a pMOS that is always ON
e Ratioissue

e Make pMOS about V4 effective strength of pulldown
network

load
ﬁ EP/Z 12

16/2 os RS ,
Vin 0 - '
I0 (;.3 OI.6 OI.9 ll.2 1I.5 1I.8

A4

Vin

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



Ratioed Logic

VDD VDD VDD
Resistive Depletion
Load R, Load l: V<0
In; S InJo—

Ingo—{:: In;o—3:

(a) resistive load (b) depletion load NMOS (c) pseudo-NMOS

Goal: to reduce the number of devices over complementary CMOS

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue
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L Ratioed Logic

e N transistors + Load

Resistive
*Von=Vop
Load R,

i VOL = I:zl:’N

Rpn + R

» Assymetrical response

* Static power consumption

*t, =0.69 R C,

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue
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Active Loads
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Vpp Vbp
Depletion |
Load l: V<0
OF
Vss Vss
depletion load NMOS pseudo-NMOS

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



am)
8 VOL

it 1s reasonable to assume that the NMOS device resides in linear
mode (since the output should ideally be close to 0V). while the PMOS load is saturated.

{ Vé';[. b i
kol (Vpp—Vrn)Vor - - )~ kp\ (=Vpp—V1p) - Vpsar—

VJJD.::A T\

oy~ 700V Vosir o Wy 1,
ki‘i‘( VDD_ V}_ﬁj My WH .

In order to make Fj; as small as possible. the PMOS device should be sized much
smaller than the NMOS pull-down devices. Unfortunately. this has a negative impact on

the propagation delay tor charging up the output node since the current provided by the
PMOS device 1s limited.
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Pseudo-NMOS VTC

1||Ilr-::'m* v

a0

Voltage-transfer curves of
the pseudo-NMOS inverter as a

Y 20 25 function of the PMOS size.
i V
Performance of a pseudo-NMOS inverter.
Static Power
Size Voo Dissipation tolh
4 0.693V S64uW 14ps
2 0.273V 2080W J6ps
1 133V 160uW 123ps
0.5 0.064V 80uW 268ps
0.25 0.031V 410w 369ps
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L NAND or NOR (Large Fan in)
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Iny

Iny -

Iny

Ing

Out

(b) NAND



)
ﬁ%@m Improved Load

Out

i |

Differential Cascode Voltage Switch Logic (DCVSL)
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CVSL has a potential speed advantage because all of the logic is per-
formed with nMOS transistors, thus reducing the input capacitance. As in
pseudo-nMOS, the size of the pMOS transistor is important. It fights the
pulldown network, so a large pMOS transistor will slow the falling transition.

Unlike pseudo-nMOS, the feedback tends to turn off the pMOS, so the out-
puts will settle eventually to a legal logic level.
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?%%@m DCVSL Example

“)}(O‘j out




&>

s DCVSL Transient Response

2.5 -
S’ _ J
= 15
(]
(@)
8
(@]
>
os5F -
054 0.2 0.4 0.6 0.8 1.0

Time [ns]
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Pass-Transistor
Logic
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ﬁ%@ NMOS Transistors in Series/Parallel

QO Primary inputs drive both gate and source/drain
terminals

0 NMOS switch closes when the gate input is high

A B
| | X=YIfAand B
X Y
A
1
B X=YIifAorB
X— | Y

0 Remember - NMOS transistors pass a strong O but a
weak 1

5 5 e gl e ey Jad - VLSI b lae (o100 WA — oLl sue



3%%@ PMQOS Transistors in Series/Parallel

QO Primary inputs drive both gate and source/drain
terminals

0 PMOS switch closes when the gate input is low

A B
d

X Y

A
d
B
d

X=YifAandB=A+B

X=YifAorB=AeB

X — — Y

0 Remember - PMOS transistors pass a strong 1 but a
weak O
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e Pass Transistor (PT) Logic
2 i
A o A _
oy F=AeB
0 B/_ JB_ — F=AeB
0

0 Gate Is static — a low-impedance path exists to both
supply rails under all circumstances

0 N transistors instead of 2N

0 No static power consumption

0 Ratioless

0 Bidirectional (versus undirectional)
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B
1.5/0.25
0.5/0.2%
A 0.5/0.25 __
B
I [ F=AeB
0 0.5/0.25

VTC of PT AND Gate

B=Vyp, A=0—-V,

A=Vpp, B=0—-Vp,
A=B=0->Vp,

2

in?

e Pure PT logic is not regenerative - the signal
gradually degrades after passing through a number
of PTs (can fix with static CMOS inverter insertion)
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Differential PT Logic (CPL)

oS ol Sirio olKisls

A_
A— PT Network —
B —1>o—F
A—1 Inverse PT |E
%_ Network So—F
B B B B B B
I==="77 e = et =t Bl
| | Al ! Al |
A-l_ 1 T [ T ]
5 | F=AB B |F=A+B = F=A®B
| —— 1 I I — I
e L A L A |
g: — | FFAB & || F=A+B N \F=A®B
AND/NAND OR/NOR XOR/XNOR
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Q%%m CPL Properties

QO Differential so complementary data inputs and outputs
are always available (so don't need extra inverters)

a Still static, since the output defining nodes are always
tied to V5 or GND through a low resistance path

a Design is modular; all gates use the same topology, only
the inputs are permuted.

Simple XOR makes it attractive for structures like adders
Fast (assuming number of transistors in series is small)

Additional routing overhead for complementary signals

o o O O

Still have static power dissipation problems
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£9 4 input NAND in CPL
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four-input AND/NAND gate
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%%?9@ NMOS Only PT Driving an Inverter

In=Vpp B
V. =

e )V X ‘4 M,

B L — M

a V, does not pull up to Vp, but Vg, — V-

n

0 Threshold voltage drop causes static power
consumption (M, may be weakly conducting forming a
path from V, to GND)

a Notice V., increases of pass transistor due to body
effect (Vgp)
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%%Apm Voltage Swing of PT Driving an Inverter

In
In=0— Vpp
N 1.5/0.25 27
> —
Vip D S X II> Out g X =1.8V
0.5/0.25 ] 1
B 0.5/0.25 S
Out
0 T T i i i
0 05 1 15 2

Time, ns

O Body effect — large Vg at x - when pulling high (B is
tied to GND and S charged up close to V)

0 So the voltage drop Is even worse
V, = Vpp - (Vo + 7ON(204 + V) - N[244]))
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Cascaded NMOS Only PTs

Swingony =Vpp- Vi - Vi, Swing ony = Vpp - Vo

e Pass transistor gates should never be cascaded as on
the left

e Logic on the right suffers from static power dissipation
and reduced noise margins
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ﬁ%“’@ Solution 1: Level Restorer
Level Restorer _
\ Py
MI’
B/ |
A=1 J—/ -~ 0 —4 M, Out=0
D Out=1
—[m,

O Full swing on x (due to Level Restorer) so no static
power consumption by inverter

0 No static backward current path through Level Restorer
and PT since Restorer is only active when A is high

a For correct operation M, must be sized correctly (ratioed)
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£ . o
o<§%'%?><>/,_‘,'>Trans|ent Level Restorer Circuit Response

Voltage, V
—

W/L,=1.50/0.25

WI/L,=0.50/0.25
W/L,=0.50/0.25

node x never goes below V),
of inverter so output never

switches

W/L,=1.75/0.25

\>0/0.25

W/L,=1.25/0.25

0 Restorer has speed and power impacts: increases the capacitance at
X, slowing down the gate; increases t, (but decreases t;)

¥ — bl vuzxo
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b Solution 2: Multiple V; Transistors

Q Technology solution: Use (near) zero V; devices for the
NMOS PTs to eliminate most of the threshold drop (body
effect still in force preventing full swing to V)

o

In,= OV

o

K low V; transistors
) A= 2.5V —_—
on

ff but
/ leaking
B=0V

In, = 2.5V

/ sneak path

J

— Out

O Impacts static pET/_ver consumption due to subthreshold
currents flowing through the PTs (even if Vg IS below V)
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3?%%0@ Solution 3: Transmission Gates (TGS)

0 Most widely used —

- C C
solution N 4}
A% B
A B (|:
R
C
C =GND C =GND
A=Vy,— B A=GND B
S B
RN _Z L\ T

C=Vpp

C
a Full swing bidirectional switch controlled by the gate
sighalC,A=BIfC=1
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Resistance of TG

oS ol Sirio olKisls

W/L,=0.50/0.25
oV

d

2.5V —V,

TR

2.5V

Resistance, kQ

WI/L,=0.50/0.25
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PR | <] JUR G EYCRURN (4
_ TG Multiplexer
S S F

oS ol Sirio olKisls

S

_CJ_ VDD
In, T

ST ] —F

In, 1

-

S
F=!(InjeS+In,eS) GND
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Transmission Gate XOR

oS ol Sirio olKisls

/<, weak 0 if 1A
qa
Offl Ae B
A A®B
_ﬂ BelA
0 \ eak 1 if A
? >Q n inverter
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8 S Ghaia 3 > b

e oslial S B gt 0l & st o S oS 500 sl sl e 3
AND sla 5 ol o p) S0 Billae JW! sl o8 oS 5 5l oolawl b Jle oylaie a5 .00

2,5 oolu 1, OR 4
A
>{ A B
| 3 L, O >
Aj_{ A B
u 1 1
g | B_L I y m l_l— VA
1
A
=L 4 B
7 — T4 — 7 I’—IJ_I—lJ_I—Z
L T T
T’ A B
B
Z=4+B (&) Z=A.B ()
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Muxi

oS ol Sirio olKisls

f _
T 1
P + N
0’ m
7
_L o—— 7Z=A.B
‘0’ [ _f_
I
‘q° 1

L 5 e Sl oo g e 90 2 WAZ0 ax g wBLA=T 4 YU Glo s j0 4 0l 0 cdplice

ol A g A Gl g 5l s

B
1
v 1
A
" |'|—‘| B ¢— AB
p 1
1 | ) —
g M
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1
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102,00 AND 2l 51 Mo oo (13 B g Al o Gl a ], sl jlow 5l adaits o g9, Canl 3

B
* A B AB
0 0 0
i I
0 1 0
1 0 0
1 1 1
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Moy ol
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B
A
0,48 IAB
A
o458 048
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A 5 AB

0 0 0, A B
0 1 0,A B
1 0 0,A', B
1 1 1,A, B
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= Transmission Gate Full Adder
P
Y Vpp
Voo C, T

A
r P }S um Generation
A“D}K _[‘_F_)LE:} CiI I Sum G t
A
P

al T v
- B4 ¢-B — bD
Voo A H
:r_ sl i[ T C, Carry Generation
Ciﬁ}ci T GIY o
A P

=+  Setup

Similar delays for sum and carry
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Dynamic
Logic
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Dynamic Logic

Q Dynamic gates uses a clocked pMOS pullup

O Two modes: precharge and evaluate

2 2/3 ¢ 1
A{ Y vy Ty
1 A—4/3 A—1
4 A% AV
Static Pseudo-nMOS Dynamic

) Precharge /§ Evaluate \ Precharge

/

v AN
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The Foot

0 What if pulldown network is ON during precharge?

0O Use series evaluation transistor to prevent fight.

FR— ];/ precharge transistor
=Y
A
1
— 1L —foot

unfooted
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3%"%@ Dynamic CMOS

Q In static circuits at every point in time (except when
switching) the output is connected to either GND or Vg
via a low resistance path.

e fan-in of N requires 2N devices

a Dynamic circuits rely on the temporary storage of signal
values on the capacitance of high impedance nodes.

e requires only N + 2 transistors

e takes a sequence of precharge and conditional evaluation
phases to realize logic functions
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ﬁ%%% Dynamic Gate
I off
CLK—d[M, CLK—{[M, o, .
Out Out
I((A&B)|C)
CL
— A —
—c
5 —
off
L cLKM, o

Two phase operation
Precharge (CLK = 0)
Evaluate (CLK =1)
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Q%%@ Conditions on Output

0 Once the output of a dynamic gate is discharged, it
cannot be charged again until the next precharge
operation.

0 Inputs to the gate can make at most one transition during
evaluation.

0 Output can be in the high impedance state during and
after evaluation (PDN off), state is stored on C,
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Qi’%’%@ Properties of Dynamic Gates

a Logic function is implemented by the PDN only

e number of transistors is N + 2 (versus 2N for static complementary
CMOYS)

a Full swing outputs (V5, = GND and Vg, = Vpp)

a Non-ratioed - sizing of the devices does not affect
the logic levels

Q Faster switching speeds
e reduced load capacitance due to lower input capacitance (C,,)
e reduced load capacitance due to smaller output loading (Cout)
e no I, so all the current provided by PDN goes into discharging C,

SC?
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z | |
. Properties of Dynamic Gates

a Overall power dissipation usually higher than static
CMOS

® no static current path ever exists between Vy, and GND
(including P.)

® no glitching
® higher transition probabillities
®extra load on Clk

2 PDN starts to work as soon as the input signals
exceed V-, so V,, V,y and V, equal to V,

e low noise margin (NM,)

a Needs a precharge/evaluate clock
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Dynamic Behavior

I
CLK—|
I Out
In, —1L
In2—_ o
] S
Ing —|[ 9
In, [
CLKH[
o Time, ns
#Trns | Vou | VoL | Vu | NMy INM_| o (ton| T
6 25V | OV | V4, | 2.5-V;, | Vi, | 110ps | Ons | 55ps
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Gate Parameters are Time Independent

0 The amount by which the output voltage drops is a
strong function of the input voltage and the available

evaluation time.

e Noise needed to corrupt the signal has to be larger if the
evaluation time is short — i.e., the switching threshold is truly

time independent.

ot CLK
> _
= 1c | V;=0.45)
@)
S
=V
> 0.5 -

'0.5 I I I I I I I I I

0 20 40 60 80 100

Time (ns
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e Power Consumption of Dynamic Gate

In3 R
CLK—

Power only dissipated when previous Out =0
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£y . o
ﬁ%%m Dynamic Power Consumption is Data Dependent

Dynamic 2-input NOR Gate

Assume signal probabilities

: B Out Pa, = 1/2

0 0 1 Po_, = 1/2

0 1 0

1 0 5 Then transition probability
P0—>1 = I:)out:O X I:)outzl

1 1 0

=3/4 x 1=3/4

Switching activity can be higher in dynamic gates!
I30—)1 = I:)out:O
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3%%@ Issues in Dynamic Design 1: Charge Leakage

—_ CLK
4
Out
L
A=0 — l TC
2 \ T
V Evaluate
CLK —|m. — Out
— Precharge
Leakage sources

Minimum clock rate of a few kHz
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%%39@ Impact of Charge Leakage

0 Output settles to an intermediate voltage determined by
a resistive divider of the pull-up and pull-down networks

e Once the output drops below the switching threshold of the
fan-out logic gate, the output is interpreted as a low

voltage.
CLK
2.5
S
E; 15 - Out
(@)
8
0
> 05
-0.5 i
Tlme (mS) 1WA — Ll e
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A .
3%%‘; A Solution to Charge Leakage

0 Keeper compensates for the charge lost due to the pull-
down leakage paths.

Keeper
/
CLKm, M,Jp
D(’ IOut
A —
B —
CLK1IM,

Same approach as level restorer for pass
transistor logic
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ﬁ’%’%@ Issues in Dynamic Design 2: Charge Sharing

Charge stored originally on
CLK=m C, is redistributed (shared)
Out :
_/—A B over C, and C, leading to
] TG static power consumption by
downstream gates and

B=0 4| Ic . Y .
— : possible circuit malfunction.

CLK—m, IC,

When AV,,=-Vpp (C,/(C,+ C)) thedrop in VIS

large enough to be below the switching threshold of
the gate it drives causing a malfunction.
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Charge Sharing Example

What is the worst case voltage drop on y? (Assume all inputs are low
during precharge and that all internal nodes are initially at OV.)

CLK—4 Load
y —A®B®C Inverter
) '/’ i>°
A A —c =
2 AL o T .C,=50fF
L '
C.=15fF T - IB—| B B 4 TFC,=15fF
4 —
c=15fF T 'CH[_ C = C,=10fF
CLK

— AVout =" VDD ((Ca + Cc)/((Ca + Cc) + Cy))
= - 2.5V*(30/(30+50)) = -0.94V
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B Solution to Charge Redistribution

CLK—{m, M, JF— CLK
..... Out
A —
B —
CLK—1M

Precharge internal nodes using a clock-
driven transistor (at the cost of increased
area and power)
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g‘%& Issues in Dynamic Design 3: Backgate Coupling

0 Susceptible to crosstalk due to 1) high impedance of the
output node and 2) capacitive coupling

e Out2 capacitively couples with Outl through the gate-source and
gate-drain capacitances of M4

CL= M, Outl =1 AMs M
—~ )\\\ Out2 £0
1 | (M 1
=0 — (M — —
A=0 ! ___CLl >//| ' ___CLZ
B=0 —|[M, M| f/_
CLK—{[M, B
Dynamic NAND Static NAND
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%%‘L Backgate Coupling Effect

O Capacitive coupling means Outl drops significantly so
Out2 doesn’t go all the way to ground

3
/
I
2 ,\
o ,L Outl
%7 I
= 11 I
(>3 CLHK |
I
I
0 el T Out2
-1 [ [ [ [ [
0 2 Time,ns 4 6
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qi%% Issues in Dynamic Design 4: Clock Feedthrough

0 A special case of capacitive coupling between the clock
iInput of the precharge transistor and the dynamic output
node

CLK——d[y Coupling between Out and
| Out CLK input of the precharge
device due to the gate-

= drain capacitance. So

B— voltage of Out can rise

above V. The fast rising

(and falling edges) of the

— clock couple to Out.
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T
CLK—| Clock feedthrough
7 Out
In, 4
| ] 15 -
] 8 In &
In, —|_ S 051 CLK
CLK[" O
]__ '0.5 I I I I I I k I I
0 05 Time,ns \ 1

Clock feedthrough
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e Cascading Dynamic Gates

Vi,

CLK <dv.  CLR[u

| Out? /
Outl In

In \
Outl VY

CLK qm. CLK—|m.

Only a single 0 — 1 transition allowed at the
iInputs during the evaluation period!
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Domino Logic
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®
—
N
d
<
®
—
N
d
=<
=
=

Out2
>
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e Why Domino?

Like falling dominos!
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B Domino Comparator

—4QTA1>O— >0 ALDO— ibo—boom
b o% B3 B3 B3
| 6_60 a0 60

B3 B2 Bl BO
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3?’%’%@ Properties of Domino Logic

0 Only non-inverting logic can be implemented, fixes
Include

e can reorganize the logic using Boolean transformations
e use differential logic (dual rail)
e use np-CMOS (zipper)

a Very high speed
®t =0

e static inverter can be optimized to match fan-out
(separation of fan-in and fan-out capacitances)
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Transformation

B

oS ol Sirio olKisls

Domino AND

O—T X

f

11
<
T M g0 W

Y|Y

:)_
:),_

oy Mg o e

%

Domino AND-OR
Domino OR

(a) before logic transformation (b) after logic transformation

Not always possible
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Differential (Dual Rail) Domino
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0
CLK—d M, M.,pll\/\\/—ClM\p M CLK
Out = AB 1°<}O ™ 1 ll> o !'Out=1(AB)
A —

A — — 1B

B —

CLK™1[ M,

Due to its high-performance, differential domino is
very popular and is used in several commercial
microprocessors!
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Outl

051 Out2
\/ o —{[m, \/ (to PDN)
- to other to other
PDN'’s PUN’s

Only O — 1 transitions allowed at inputs of PDN
Only 1 — 0 transitions allowed at inputs of PUN
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How to Choose a Logic Style

)
58

0 Must consider ease of design, robustness (noise immunity),
area, speed, power, system clocking requirements, fan-out,
functionality, ease of testing

4-input NAND
Style # Trans | Ease | Ratioed? | Delay | Power
Comp Static 8 1 no 3 1
CPL* 12 + 2 2 no 4 3
domino 6+ 2 4 no 2 2 + clk
DCVSL* 10 3 yes 1 4
* Dual Rall

O Current trend Is towards an increased use of
complementary static CMOS: design support through DA
tools, robust, more amenable to voltage scaling.
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