ESE 570: Digital Integrated Circuits and
VLSI Fundamentals

Lec 14: March 1, 2016
Combination Logic: Ratioed and Pass Logic
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Review: 1st Order RC Delay Models

Tppy, =0.69-Cy R, Cload™ Cipn T (’dhp Gt (’gh
o Equivalent circuits used for MOS transistors

= Ideal switch + “effective” ON resistance + load capacitance

« Define unit resistance, R, “cffective” ON resistance of transistor with min length
and W=W, (usually min width)

aMOS has “effective” ON resistance R, = R,,,/k,, and capacitances K,C,,K,C,

oL

PMOS has “effective” ON resistance R = R, /K, and capacitances K Cy, K,C,

= sale factors K, = Tand k, = 1,ie. W, = K, W, W, =KW,

+ Gy =C,and Gy, = € = C, for the unit n/pMOS transistors

= NMOS and pMOS transistor at minimum gate length (L)
» Capacitance directly proportional to gate width (W) > C = W*C
= Conductance directly proportional to gate width (W) > G = W*G
= Resistance is inversely proportional to gate width (W) > R = R/W

Penn ESE 570 Spring 2016 — Khanna

Lecture Outline

oelsiese’s

a CMOS Gates Review
= CMOS Worst Case Analysis

0 Ratioed Logic Gates

0 Pass Transistor Gates

Penn ESE 570 Spring 2016 — Khanna

Review: Two-Input NOR Gate (NOR2)

seseees

\%

DD
-
Load
or
Pull-Up Net
E(Vp) A(V,T

B (Vy) 7 [Pull-Down Net

Z(V,
V) ‘5 B (v, G

For Complimentary CMOS: Pull-up Net = dual (Pull-down Net)
(A*B) = (A+B)

Penn ESE 570 Spring 2016 — Khanna

eelsieeels

Review: Elmore Delay: Distributed RC network

0 The delay from source to node 7

= N = number of nodes in circuit

R, = ERj = (R, E[path(s — 4)N path(s — k)])

N
R, 2
Tpi = zckak c
k=1 4 s 4
75 =C(R)+C,(R) 0 j» Cq
+C;(R +R;) L

+C,(R +R;) NOTE:

+C(R +R+R) | 1,=RCoi (05 63%) T

7,=0.697, (0> 50%) =

Penn ESE 570 Spring 2016 — Khanna

v

CMOS NOR2 VTC

eelsieeels

Voul
Voo
only one
input
switches
simultaneous
syvitching
0 \Y%

3 VTC Cases

V=0V V, =0V,

V, =0V, ;V,=0

V,and V, =0 — V, simultancously

Switching Threshold Voltage:
V,=V,=V Vi

out
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Switch-RC Transistor Models

oelsiese’s

2-input NOR Nets

VDD Yoo
AL W) oy = 12 (W), +— R pov = 2R,
& #SZ(W/L)HLQ\, =2(WL), — R o= R/2
Penn ESE 570 Spring 2016 — Khanna 7
¢ Review: CMOS Inverter: V,,
k' (W kK, (w 2
2” (f)“ (Vi = Vion )2 = 2" (f)’, (V,,, Vo — Vrup)
>
K (Vi =Vron) = (Vi = Voo = Vio,)
1
Viou + lk— (Voo +Vrop)
Vi = =
1+
Typically, Ly=L,=Lyi,
o W), VL), W,
R~ 7 - 1
K,(W/L),  w,(W/L), | %W,
Penn ESE 570 Spring 2016 — Khanna 9

: CMOS NOR2 V,,
VI}U
v, od VR)=V=v=v,
:
| i VaINV) =V, =V, =
> V.
.
y Fpsgr _1 %,
i kugr 4 Ky
I k
Symmetric ‘Inv Vit oV o+ V)
Vi Voo & Kyrov -1 Val BOINV ) =———# 50—
2 Kooy e
Fuzor

Penn ESE 570 Spring 2016 — Khanna

: CMOS NOR2 'V,
VUI) VDD
v, V,(NR2) <>V, =V, =V, ~
— VuINV) =V, =V, [k peor= k,/2
. . Vm ch
. S knEQV= 2k,
kpror _1 K,
Vo Kozor 4K,
Penn ESE 570 Spring 2016 — Khanna 8
: CMOS NOR2 V
VUD VDD
v, . V,(NR2) => V, =V, =V
L5 v,ov-v,-v, Ak o= k2
v 5
ik, >, V..
= kuEQV= 2k,
s ==t
szor
3
1 [k, [k pzor
V’””+§\“?P(V””+V"”) Voot % (V oo+ V )
ValNR2)= e = Val BOINV) =8 ———
1 < pEQV
14+ -2 1+ -2
2\, Kuzor
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¢ Parasitic Caps for NOR2 (worst case)

Cabnt = Capn2 = Ca
C dopl Ldbpl =G
C\hlp - (\mp =G

Penn ESE 570 Spring 2016 — Khanna 12




Parasitic Caps for NOR2 (worst case)

oelsiese’s

Capnt = Caonr = Cy
Cdbm - th])2 =C,
Cm\p = C\pr =C,
\Y
out
X1 X
( 2(
T “int
v 'Y
C

WORST CASE for PULL-UP => V,=0,V, =V, > 0 @=0& V,~V,,=0->V,

DD

Parasitic Caps for NOR2 (worst case)

oelsiese’s

Caont = Capna = Cy
Cdbm - Cdbpl =G,
C\blp =S T Cy
Vou
L
( 2C
T Cin
v '
' C

o= 0> Vpp

WORST CASE for PULL-UP => V, =0,V
C = 2C,+3C,+C +2C,

Vo> 0@=0& V =V

Penn ESE 570 Spring 2016 — Khanna 13
¢ Parasitic Caps for NOR2 (worst case)
Caont = Caon = Cy
Cdbpl = thpz =C,
Csblp C\bzp Ca
out
J S .
C, T 2
N
Cd
WORST CASE for PULL-UP => V,=0,V,=V, >0 @=0 & V =V, =0V,
Choaanre = 2C;+3C+C, +2C
Rypoy = Ryp*R, Elmore Model?
Penn ESE 570 Spring 2016 — Khanna 15
¢ Parasitic Caps for NOR2 (worst case)
Caont = Caon2 = Ca
C(mm - Cdbpl =G
C\b\p - C\mp =C,
WORST CASE for PULL-DOWN => V, =0, V,=0 >V, @0 & V, =V, =V, >0
Elmore Model?
17

Penn ESE 570 Spring 2016 — Khanna

load-NR2
RpEQV = RpZ+Rpl LU m ped MOde|
Penn ESE 570 Spring 2016 — Khanna 14
¢ Parasitic Caps for NOR2 (worst case)
Caont = Can2 = €4
Cdbm = thpZ =G
C\blp Csb:p Cy
out
e 4
C, T 20
v v
Cd
WORST CASE for PULL-DOWN => V, =0, V, =0 >V, @=0 & V, =V, =V, >0
Penn ESE 570 Spring 2016 — Khanna 16
¢ Switch-RC Transistor Models
2-input NAND Nets
VDD VDD
%q(w Loy =2 (WL), ~— 3 R, =R/2
?
. AL (WL = 12 (W), s i R~ 2R,
Penn ESE 570 Spring 2016 — Khanna 18




oelsiese’s

CMOS NAND2 V,,

V,(ND2) =>V, =V, =V,
VL INV) =V, =V,

<+ V.

Ton

k k
pEQv _ 4 %p
k k

nEQV n

oelsiese’s

CMOS NAND2'V,,

V,(ND2) =>V,=V,=V,, Y

V,(INV) =V, =V,

s

=V, <4 V. Vo
A A ALk nzor= k. /2
pEQV _ 4 Xp
Koy K,
i fr—
Vot 2\ 22V ootV ) Vot oAV oot V)
V,(ND2)=—— 1 <V, (EQINV)= o
142422 14y Kezor
\ k, X \ QY
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: CMOS NAND2 V,,
VDD
V. 14
. V.(ND2) =>V,=V,=V,,
TV N =V, =Y,
2V, P Va
. b
— knEQV kn
Symmetric ‘Inv’
Vin= Yop & Epwov _ Tutreny) K peor
2 k"EGV ! +V Fuzor
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¢ Parasitic Caps for NAND?2 (worst case)
thp\ - Cdbpz - Cmm
Cabnt = Caom = Caon
. Coptn ™ Caprn = Coon = Cn
T2 -
IC.T X
Vl——°| :
WORST CASE for PULL-UP =>
Penn ESE 570 Spring 2016 — Khanna 23

Penn ESE 570 Spring 2016 — Khanna 20
¢ Parasitic Caps for NAND2 (worst case)
Cdbp] - (‘dbpl - Cdbp
Caont = Caon2 = Caon
“in = Caon = Caon = Catn
2(
v
Penn ESE 570 Spring 2016 — Khanna 2
¢ Parasitic Caps for NAND?2 (worst case)
V
= C\lbp] - Cdbpl - (L(hp
aont = Caona = Coon
C
o win = Coan = Coon = Cam
i(' % 2C
v .
WORST CASE for PULL-UP => V, =V, V,=V ;>0 @=0&V =V =0->V_,
Penn ESE 570 Spring 2016 — Khanna 24




oelsiese’s

Parasitic Caps for NAND2 (worst case)

cdhpl - Cuhpz = ('dhp

aont = Caonz = Caon

Cootn = Caoan = Coon = Camm

out

v L 20
-5

WORST CASE for PULL-DOWN =>

Penn ESE 570 Spring 2016 — Khanna 25

oelsiese’s

Parasitic Caps for NAND2 (worst case)

('dhp] = C’dhp: = thp
Cabnt = Caonz = Caon
Cootn = Cavon = Coon = Caon

out

= 2C
%

WORST CASE for PULL-DOWN => V, =V, V, =0 >V, @=0 & V,= V, =V, >0

Ratioed Logic

& Penn

Penn ESE 570 Spring 2016 — Khanna

eelsieeels

Today

o Ratioed Gates
= Break all the rules... (nice properties)
= No rail-to-rail outputs, steady-state-current is not subthreshold. ..
= Logic correctness
= Performance
= Power

= Implications

Penn ESE 570 Spring 2016 — Khanna 29

Penn ESE 570 Spring 2016 — Khanna 2%
¢ Previously
o Restoration and Noise Margins
= Allows for gate abstraction
o CMOS Gates
= Drive outputs rail-to-rail
= Only one network turned on in steady state
= Only subthreshold leakage current in steady state
Penn ESE 570 Spring 2016 — Khanna 28
: Idea
0 Building both pull-up
and pull-down can be
expensive — many gates
0 Seems wasteful to build 1 qL
logic function twice d
. . S
= Once in pullup, once in £
pulldown 77‘
= Large gate capacitance r
.
Penn ESE 570 Spring 2016 — Khanna 30




Idea

oelsiese’s

0 Maybe only need to build one A
0 Build NFET pulldown
= Exploit high N mobility

)
N

= traditional

>—

L

Penn ESE 570 Spring 2016 — Khanna
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Ratioed Inverter in 22nm

seseees

DC Transfer Curve for Ratioed Inverter
09

08
07
06
05
Vout
04
03
02

01

0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Penn ESE 570 Spring 2016 — Khanna

“=Wn=1

33

DC Transfer Function

eelsieeels

DC Transfer Curve for Ratioed Inverter
0.9

08

; \

06

05
Vout

0.4

03

02

0

0.0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
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==Wn=8

¢ Ratioed Inverter
a Does this work?
= Whatis V_, for V, =Gnd ? \/\ \/‘\/‘
» Whatis V_, for V, =V ?
L
[ e
Penn ESE 570 Spring 2016 — Khanna 32
¢ Ratioed Inverter in 22nm
DC Transfer Curve for Ratioed Inverter
09
08
07
0.6 ~=Wn=1
Wn=2
05 “=Wn=4
Vout “=Wn=8
04
03
02 \
01 X
0
00 01 02 03 04 05 06 07 08
Vin
Penn ESE 570 ‘Prl" 016 — Khann: 34

Ratioed Inverter

eelsieeels

o How do we need to size P to
make it work?

17D
<&

=
z
it
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Pvs. N

oelsiese’s

a Conclude: still prefer N to P for ratioed logic

DC Transfer Curve for Ratioed Inverter

DC Transfer Curve for Ratioed Inverter

0 01 02 03 o0+ o5 06 o7 o8
Vin

Penn ESE 570 Spring 2016 — Khanna
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¢ Ratioed Inverter in 22nm
:
DC Transfer Curve for Ratioed Inverter
09
o8
s —
05 —mt
Vout e
.
04 —
s
03 iz
o \
01 \
0 o1 02 03 o4 o5 06 o7 o0s
Penn ESE 570 Spring 2016 — Khanna vin 37
: Noise Margin Tradeoff
o
o What is impact of increasing noise margin?
a On size [ ————
= On input capacitance
OC Traster Curvefo Ratfoed Inverter
o ,
o -
o — =
Vout -
o
o
.
0 o er e e e s o o
vin
Penn ESE 570 Spring 2016 — Khanna 39

Pass Transistor Logic
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#&Penn

Teaser

eelsieeels

a What does this do?

ndB L

“T" R

n%lA

o

Penn ESE 570 Spring 2016 — Khanna 41

Identify Function

eelsieeels

o What function is this?

s
O

L=
n

v

L L

Penn ESE 570 Spring 2016 — Khanna
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oelsiese’s

Output

a What is Vout if A=1, B=1?

oelsiese’s

Output

o Whatis Vout if A=1, B=1?

A|lB| Y
0| o0
0| 1
1] 0
1]
Penn ESE 570 Spring 2016 — Khanna )
: Output
o What is Vout if A=0, B=1?
A|B|Y
n’tB—>—‘ s
0|1
N T
Sl ] o
Penn ESE: 570 Spring 2016 — Khanna 45
: Output
0 What is Vout if A=0, B=0? if A=1, B=0?
Al B | Y
0 | 1 1
. 1] 0
N
R
Penn ESE 570 Spring 2016 — Khanna 4

A|B|Y
I 0 1
N
A > 1 0
Sl 1 0
WA T } -
B % J:
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: Output
o What is Vout if A=0, B=1?
A| B | Y
notB ﬁ\ 0 0
0 1 1
A — ! 1 0
— * ﬂf N
1 1 0
notA ’,,\ 11
B L
Penn ESE 570 Spring 2016 — Khanna 46
: Output
a What is Vout if A=0, B=0? if A=1, B=0?
A|B|Y
notB ol oo
L 0 1 1
A >—/ I 1 0| 1
} + 1 1 0
notA 1
Bf Ji*
Penn ESE 570 Spring 2016 — Khanna 48




Area

oelsiese’s

a Compare PT with CMOS circuit?

|
J 4
L — H —
- +
0 ]
A > (o ] 4
L 7 m C fl .
notA Yt
fA_> L1t | Ly
[ —1
=

Output

oelsiese’s

o gate?

o Is this a regenerating/restorin

Penn ESE 570 Spring 2016 — Khanna 49
: Output
o What does output look like (DC transfe
» (B=1, notB=0, sweep A, notA=CMOS inv(A))
notB
s > L
Penn ESE 570 Spring 2016 — Khanna 51
¢ CMOS Inverter Transfer
*** spice deck for cell test_passtr_xor2{sch} from library test
! ut
08 \
06
- \
0.4 \
02 \
0
0 0.2 04 06 08 1
v
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A B Y
PR E— 0 1 1
A —I—IT oo |1
0 I U U
oA
11
B % e
Penn ESE 570 Spring 2016 — Khanna 50
3 notB
¢ Pass TR transfer (B=1) h h
*: . Y
notA 11
B
*** spice deck for cell test_passtr_xor2{sch} from library test
1 T
notA
\ Y
0.8
)
0.6
>
0.4
0.2
0
0 0.2 0.4 0.8 1
v
Sweep A
Penn ESE 570 Spring 2016 — Khanna 52
: Reasonable Input to CMOS Inverter?
.
“+* spice deck for cel test_passtr_xor2{schj from library test *+* spice deck for celltest_passir_xor2{schj from fibrary test
notA —— ! ut
N
08 08
; \
04 04 \
02 02
o %o 02 04 s [ 1
3 02 08 1 M
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Pass Transistor xor2 with inv restore

oelsiese’s

*** spice deck for cell test_passtr_xor2{sch} from library test

Compare CMOS

oelsiese’s

a Is this a fair comparison?

Penn ESE 570 Spring 2016 — Khanna
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Restore Output

:

Penn ESE 570 Spring 2016 — Khanna
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N notA
09 £ Y
\ § inv(Y)
08 froe \
0.7 %
06
> 05
04
03
02
0.1
0
0 0.2 04 06 08 1
v
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¢ Required to use?
0 What should we add to make substitutable with
CMOS?
=
—
A o JTT]
L N
mIA 11
m——li £
Penn ESE 570 Spring 2016 — Khanna 57
: Restore Output
o Area? (compare to CMOS)
Yo
Penn ESE 570 Spring 2016 - Khanna 59

Chain Together

eelsieeels

Penn ESE 570 Spring 2016 — Khanna
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oelsiese’s

Analyze Stage

—_1 1 —_1
Y Y Y
e =li=t e I e
1 1 1
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Delay A=1, B=0, C 0?

‘\h!::

seseees

o What's the equivalent RC circuit?

oelsiese’s

Delay A=1, B=0, Cp,,=C,;;=0?

/B
W=1 W=1
A L=1 ﬁ L=1
W=1
L=1
=1 W=1
L=1 L=1 W=1
L=1
A4
B
Penn ESE 570 Spring 2016 — Khanna 62
i Delay A=1, B=0, C ;=07
o What's the equivalent RC circuit?
A
Rpon Rnon
0
T s
64

/B
Ww=1 w=1
A L=1 ’_C{ L=1
w=1
L=1
Penn ESE 570 Spri“g 2016 — Khanna 63
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i Delay A=1, B=1, C ;=07
w=1
L=1
A
w=1
L=1
Penn ESE 570 Spring 2016 — Khanna 65

Delay A=1, B=1, C ;=07

—d

eelsieeels

0 What's the equivalent RC circuit?

Ron Ron

Penn ESE 570 Spring 2016 — Khanna
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Delay A=1, B=1, C,,=0?

iff

oelsiese’s

0 What’s the equivalent RC circuit?

» What are we ignoring?

2Cg 2Cg

Penn ESE 570 Spring 2016 — Khanna 67

Caig0

& Penn.

Penn ESE 570 Spring 2016 — Khanna

seseees

Contact/Diffusion Capacitance

o G~ diffusion depletion
0 G, — sidewall capacitance

o Lg —length of diffusion

Chp =C,LW +C, (2Lg + W)

seseees

Inverter Delay

o Delay driving another min-sized inverter?

= Include C

Penn ESE 570 Spring 2016 — Khanna 70

diff Jsw
LS
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! Delay A=1, B=1, C,#0? (W=1)
/B
=1 =1
A L=1 ’—4 L=1
w=1
L=1 Y
w=1 w=1
L=1 L=1 W=d
L=1
A4
B
Penn ESE 570 Spring 2016 - Khanna 71

eelsieeels

Delay A=1, B=1, C,,#0? (W=1)

0 What's the equivalent RC circuit?

Ron Ron
3Cdiff+2Cg 2Cdiff+2Cg
. . ‘
Penn ESE 570 Spring 2016 — Khanna 72
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Bonus

oelsiese’s

o What does this do?

) A|B| Y
af 0 0
B e 0 1
7 1

| 1 0
T = 1 1

A
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Idea

oelsiese’s

o CMOS Logic

= Complimentary dual pull-up/down networks
0 There are other logic disciplines

= We have the tools to analyze
o Ratioed Logic

= Tradeoff noise margin for

= Reduced area? Capacitive load?

= Dissipates static power in one mode

o Can use pass transistors for logic

= Sometimes gives area or delay win

Penn ESE 570 Spring 2016 — Khanna

seseees

Midterm Exam

o Midterm — 3/15
= In class
= Starts at exactly 4:30pm, ends at exactly 5:50pm (80 minutes)
= Location TBD, posted on Piazza and Course Calendar
= Covers Lec 1- 14 (slides 1-206)
s Closed book, no notes or cheat sheets
= Calculators allowed

= Review Session by TA on Sunday 3/13 - time and
location TBD

= Extra office hours on Monday (3/14) and Tuesday (3/15)
(time and location TBD)
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seseees

Admin

o HW 5 due Thursday, 3/3
a Diand Ao OH tonight and tomorrow night 6-9pm

0 Tania OH tomorrow 2-4pm

a Journal Thursday

= Carrizo: A High Performance, Energy Efficient 28 nm
APU, pp 105 - 116
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