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Equivalent Inverter Modéel
Modifications

* We know to scale WN by 2 for a2 input
NAND, but:
— What about velocity saturation?
— What about the Body effect?

e | etsrun some simulations of stacked

transistors, and measure there respective
currents.



Stacked NMQOS
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Stacked NMQOS
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Stacked NMQOS

# Series (WN=360n) Current Relative Current WN Scale Factor

1 59.166 1 1
2l 3215 0.543386404; 1.8
3 21.93 0.370652064; 2.7
4  16.59 0.280397526 3.6
# Series (WN=2u) |Current [Relative Current (WN Scale Factor
1 301 1 1
2 160 0.531561462 1.9
3 108 0.358803987 2.8
4 81 0.26910299 3.7
# Series (WN=2u) |Current |[Relative Current |WN Scale Factor
1 1794 1 1
2 948 0.528428094; 1.9
3 638 0.355629877 2.8
4 479 0.267001115 3.7




Stacked PMOS

# Series WP=360n) Current Relative Current WP Scale Factor

1 21 1 1
2 10 0.476190476 2.1
3 6.5 0.30952381 3.2
4 4.8 0.228571429 4.4
# Series (WP=1.98) |Current [Relative Current WP Scale Factor
1 105 1 1
2 51 0.485714286 2.1
3 33.6 0.32 3.1
4, 24.95 0.237619048 4.2
# Series (WP=12u) |Current [Relative Current WP Scale Factor
1 654 1 1
2l 312.6 0.477981651 2.1
3 203.9 0.3117737 3.2
4 151 0.23088685 4.3




Various Currents and Ratios

# Series (W=360n) NMOS Current PMOS Current Ratio

1 59.166 21 28
2 32.15 10 32  What happened to
3 21.93 6.5 3.4 2 3227
4 16.59 48 35
# Series (W=1.98u) |Current Current
1 301 105 29
2 160 51 3.1
3 108 336 32
4 81 2495 3.2
# Series (W=12u) |Current Current
1 1794 654 2.7
2 948 312.6 3
3 638 2039 3.1
4 479 151 3.2
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How much time to assign each

e Yatime
— INV1LH
— NOR2 HL
— INV2 LH
— NAND2 HL

e Ltime
— INV1HL
— NOR2 LH
— INV2 HL
— NAND2 LH

level?

For the inverters we want the low to
high transition ratio ¥2 the low to high.

For the nand/nor we want the low to
high transition ration twice the low
to high.

The propagation delays are no longer
symmetric!



How do we modify our
equations?

 Rwasaratio that ensured symmetric
propagation delays.

— We modify R to take into account non
symmetric delays.
* R~2.322 gaveusat ,/t =1

« Wewant for the inverterst /t ;,=1/2
— RNEW=R x 2

« Wewant for the nand/nor t ;/t ,,,=2
— RNEW=R/2 (Note: WN of the NAND is scaled by 1.9)
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TSMC24 NAND3 Example

A = 615002 _ _12 F
Cramny = 444-107 7 —

Cirn

. - 12 F
CJN =1%2.10

F _
"= cgpo = 62710

Cirn
CIn

-2

Ly = 24107 *em ;9.[J_99+ 25-4/98) Kgo=0695 Dp:= 610 ‘om

KEQ =

. R E . .

C,=10100°F  N=5 Ngyq=3 Nep:S
g R = 2.322.
TPI_]:L = .2.10 ] M=73 NSP =1 2=1

E = 0.774
Meyg

N =
"PHL

e _(N+ME)(C 2Epe + Cng DpKra + 2.0
Nagg Lo & ( )-(Crswnr ZKgo + CnePpEEg GDO)

Wy = 5063 % 10 . Cin Hote: Any W values below 360nm are non-physical solutions.

Wyp = R Wy Wp = 3919x 107 " om
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Final Values

) - 13 T - T
TPI‘E:_ME:B.SU,I'E:d = (189 - 1510 g Error - PHL Measured PI—IL,.

TPHL

TPLH Measured ~ "PLH

TPLH Measured = (2305 - 20253"1[:'_ 125 Error .

TPLH
TPHIL M d _
Wy = ——— Wy Wy = 4405x 107 "em
TPHL
420
TPLH M d _
Wp = ——= P g, Wp = 4.389% 107 em
TPLH
— (208 15).10" 12 TPHI, Measured ~ TPHL
TPHL Measured = (208 - 13)- # Error = = 100
TPHL
_ TPLH M 4~ "PLH
TPIH Mensured = (2273 - 2025)107 %5 Brror = ———= 0 100

TPLH

In thuz case W and "WF both round to 420nm!

100 Error = -13

100 Error = 12

Ertor = -3.5

Error = -0.8
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Dynamic Example
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Design this circuit to work at 1GHz Clock with a 50% duty Cycle
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How much time to assign each

e Yatime
— INV1LH
— NOR2 HL
— INV2 LH
— NAND2 HL

e Ltime
— INV1HL
— NOR2 LH
— INV2 HL
— NAND2 LH

level?

For the inverters we want the low to
high transition ratio ¥2 the low to high.

For the nand/nor we want the low to
high transition ration twice the low
to high.

The propagation delays are no longer
symmetric!
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How do we assign the timing
budget?
e T=1ns
e 1/2T=.5ns

 .Insuncertainty inthe clock so lets design
for thetimefor A,B,C,orDtogettoY to
be .4ns, or .1n for the fall times of the nand/
nor and the rise time of the inverter

— .2nsfor the rise time of the nand/nor and the
fal time of the inverter
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Inverter 1

. -12 F . -
Crawy = 444107 “=—  Cpq = 152.10

cin

_ -12 F
Capo = 6.27-100 7 —

cin

A = 61500 7 F
:

CITl

259.[4.9%2.5—@) Rpo = 0695 Dpi=.610 ‘om

-2

. -4 .

. - 15 . .
C,=10100 °F N=1 HNgyg=1

g
— -9 ._ ._ o Nep-5
Nany |
Wy = Cg+ CISW'E'DD'KEQ'{N-" LD

—TPHL (N + W) (C B+ CrppDnEgn+2.C )

- LTS = E N ~D™E =GEDO
Maqq Lyg-& Q Q

Wiy = 2039 % IR 5cm Mote: Any W values below 360nm are non-physical solutions.

Wy = 36107 "em

Wyp = RWyy Wp = 1672x 107 *em Wyp = RWyy Wp = 1672x 107 *em
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Inverter 1

1
TpLH = TPHLE

12 TPHL Measured ~ TPHL

TPHL Measured = (116 -15)-10° ™% Error : 100 Error = 1

TpHILL

TPLH Measured ~ "PLH

TBIH Measued = (2086 — 2025).107 %5 Brror 100 Error = 20

TPLH "
War = "PHL_Measured e TPLH Measured = 6.1x100 s
o Tpp N = 3636x 107 em
TPLH Measured
Wp = — Ve W= 204x 107 Yom
FLH
TPHL Measured = (124 — 153107 %5 Error — PHL Measured — “PHL 100 Error =
TPHL

TPLH M 4~ TPLH
Skl 100 Error = 6

TPLH Measured = (2078 - 2025710 125 Error :
) TPLH
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Inverter 1

Wy = TPHL Measured Wy .
TPHL Wy = 3.963x 10 Tem

_ TPLH_Measured

Wp = — Ve wp = 2162x 107 Yem
PLH W rounds to 420n and WP rounds to 2. 16u

vdd E A Y o v
vdd! Wy Wy INW 1 v ¥ o
4. wdo= vl —L o=16f
(—j W vo=25 T
gnd! gg...gngd! tr=1dp ! g
gﬂdl \:24@.@’1 gﬂd
i N
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NOR Dynamic

A= 61500 | ~12 F | -7 F
Crgyy = 444107 °— Cpy=102107"—
Cin

| = _ 2

;9.[49%2.5—@) Rpo=0695 Dpi=.610 ‘om

. - 15 . .
C,=93810 "F N=3 MNggi=2

g
-9 1 P
1 — — - =P
TPI‘H_, =110 "z M =1 NSP =1 == 5 o= 2309, R — 058
Neny |
Wy = Cg + CISWN-E-DD-KEQ-{N + M)
—TPHL (N + ML) (C B+ Crp D Egqn +2.C )
- UL TEWET S E N ~D™E = GEDO
Maqq Lyg-& Q Q
Wiy = 4468 % 10 . Cin Mote: Any W values below 360nm are non-physical solutions.

-5 W
- = _ g -
Wp = RWyy Wp = 2594x10 2o WP = 3610 Tom g — Wiy = 7697x10 ” om

_ -12 F
Copo = 6.27-100 " —

i
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NOR Dynamic

TpLH = TPHL°

. - 132 T - T
TPHL Measured = (102-15107 s p . PHL Measwed WPHL o0 o 13
TPHL ¥
T -T %
. —12 . PLH IMeasured ™ “FLH DO W
TP H Measured = 42511 —2025)-10° s Error = 100 Error = 43 .35
— "'E "
PLH
Wy = TPHL Measured Wy s '
TPHL WN = 6696 10 Tcom
T
PLH Measured
Wp = — WP W = 3709% 107 7 om
PLH
— (108 — 15v. 10~ 2 TPHL Measured ~ "PHL
TPHL Measured = ( ) ; Error = = 100 Error = =7
TPHL
T -T
. —12 . PLH IMeasured ™ “FLH
TPLH Measured = (2290 — 202510 "5 Error = 100 Error = 32.5
TPLH
Wy = TPHL Measured Wy s
TPHL WN = 622810 “com

_ TPLH_ Measured

Wp = . WP Wp = 4914x 10 em 20
PLH




Gk

NOR

e
wdd ~
L A 14
. wdd A » v
Namic : : :
vddl Tve ok v NCRZ_D ¥ ce
T, vde=2.5% i F v1:@ Cc="5,33f
= =} y2=2.5
gnd!? gnd? =16y gndlI\
gnd
v
= 114 — 15.10~ 12 TPHL Measured ~ "PHL
TPHL Measured = (114-15)- 5 Error = = 100 Error = -1
TPHL
_ TPLH M 4~ 'PLH
TBIH Mensured = (2233 - 2025).107 %5 Error = ———= i 100 Error = 4

»
TN
B [dndlizsn
w=F52&n
net@3i |=24@.%n
net@3 17 REl

CK CK [dndlazsn
w=62dn

ondlLI=248.8n
m:1

B

TpLH

W rounds to 600mm and WE rounds to
48 0nm
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|nverter 2

. -12 F . -
Crowpy = 444107 5= Cpq = 192:10

cin

_ -12 F
Copo = 6.27-100 " —

ci1

A = 61500 7 F
:

Cin

_ -4 o =240 .59 _ -4
Ly = 24107"em  Kpg=—'- (f35+25-/38) Epo=0695 Dpi= 610 'm

. - 15 . .
C,=1510" F N=1 Ngr=1

— -9 ._ ._ o Hep s
Neny |
Wy = Cg + CISWN'E'DD'KEQ'{N + M)
—TPHL (N + W) (C B+ Crp D Egqa+2.C )
- LTS = E N ~D™E = GEDO
Maqq Lyg-& Q Q
Wiy = 4254 % IR 6cm Mote: Any W values below 360nm are non-physical solutions.

5 W

Wp o= RWyy Wp = 1976x 10 2o WP = 2010 Tom g — Wiy = 916 % 107 om

Mote: This 15 still non-physical set WH=WF=3&0n
W -4 W = W
N.= 360.10 Cin T = 10
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|nverter 2

1
"PLH T "PHL',

12, TPHL Measured ~ "PHL
Error :

TPHL Measured = (4315107 100 Error = =72

TPHL

TPLH M 47 TPLH
— Cease 100 Error = 28

TPLH Measured = (2089 - 20257107 125 Error
) TPLH

TPHL M d
WN - _IMeasure 'WN s i
TPHL Wiy = 1L008x 107 "em Wyg = 360-107 'em

B TPLH Measured

Wp = . WP Wp=4608x107 om
PLH
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|nverter 2

i - 12 T - T
TPHL, Measured = (45— 15110 s Ciror PHL Measured PHL-IUD .
T rror = =)
PHL
T -T
_ — 1z - "PLH Measwred  “PLH
TPLH Measured = (2080 - 2025).10 "5 Error = . 100 Frror = 10
PLH
T
PHL MM d
Wiy = _Measure Ty . »
TPHL W= 108x10 “em  Wyr= 36010 em
T
PLH Measured
Wp = — WP wWp = 5069%107 cm
i - 12 T - T
TPHL Measured = (46— 157.10° 75 Error = FHL Measured PHL.m[] o
T tror = —69
PHL
T -T
_ -1z - "PLH Measuwred  “PLH
TPLH Measured = (2077 - 2025).10 "¢ Error = . 100 Frror = 4
PLH
I just picked WE=600n
TWH=360n
i - 12 T - T
TPHT,_Measured = (48— 1510 7 Error = —rmricanuted  FHL 4, Error — 67
TPHL
T -T
_ -1z - "PLH Measuwred  “PLH
TPLH Measured = (2074 — 2025).10 "= Error = 100 Frror — —2

TPLH



|nverter 2

vid W

C

wdd

W
> vde=2.5
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Nand
Dynamic

_ -12 F
Copo = 62710 —

cin

_ -12 F _ -
Cregpy = 444100 °—  Cppi= 1.52:10

cin

A = 61500 7 F
4

cin

;9.[4_9%2.5—@) Ko = 0695 Dp =610 'om

-2

. -4 .

. - 15 . .
C,=35100 'F N=5 Ngq=3

24
-9 1 P
— _ _ _ ! op
Nany |
Wy =
—TPHL (N + M-E) (C cEpm+ CgDpnEga+2C )
- S TSWI AR E JN~DHE ~GEDO
Maqq Lyg-& Q2 Q
Wy = 6.986 % 1m0 : Cinl Mote: Any W values below 360nm are non-physical solutions.

Wp = R Wy Wp = 2704 x 107 *em
. _ -4 _ Wp _5
TPLH = ETPHI; WP = 3610 Cin WN = ? WN = 9 302= 10 Cin



Nand
Dynamic

_ -1 T - T
TPHL Measured = (101 - 153107 %3 Error = PHL Measured PHL-ID[]
T Etror = —14
PHL
T - T
_ -12 - “PLH Measwed  “PLH
TPLH Measured = (2204 — 2025)-10 "5 Error = 100 Error = 39.5
PLHE
W o TPHL Measured w
I Iy -5
TPHL Wip=28x10 “eom
W o TPLH Measured 5
F= ’I: P Wp =5022x 10 Tem
FLH
= (108 - 15).107 12 TPHL_Measured ~ TPHL
TPHL Measured = ( - 13- 5 Error = = 100
T Etror = =7
PHL
T - T
_ -12 - “PLH Measwed  “PLH
TPLH Measured = (2218 — 202510 "5 Error = 100 Error = —3.5

TpLH
27
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Gk
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|t works!

g W /CK
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Testbench

CK

__dd widd W 7 y
N e
1! 1 N u
ADIZZ_0

vdd! Ty CK Y;LC@
1, wdoc=2Z.5 c=1af
= I 2 25 T

qrdl t=16p nnell g

gnd
v

o oM

The actual propagation delays were .3ns. | wonder if it would
have worked if | just put in the original calculated values?
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Design the whole circuit f

[ n
iy d =2 48,20
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Design the whole circuit flat




|t worked!

We made specification in the first shot!

422ps is the pre-charge time and the
evaluate time is well within specification.

Thiswould be hard to fix because it 1s not
doneinisolation. | am aso alittle bit over
Ans. | could have designed it for 11fF and
then run it at 10fF.

This method was very fast to design.
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What about the AQOI Technique?

o Tisstill 4ns, but now each stage will have
equal propagation delays because to pre-
charge will go through two logic levels and
to evaluate will go through two logic levels.

* The propagation delay will go to .2ns
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. CK ¢k
CK w=3E.0n

[=248.8n

el

AOI2

2

ndldzsn
p =
A w=060.0n

net168 |=248.@n
net1687 R

B B [gndldsn
|l e
B w=060.8n

net164 gl=24¢.@n
i net1647 R4
CK |dndldzsn
w=360.0n
I=248.8n

m:1

gnd

netl
rnet1

retl
net’

CK cK
4._

f§N11
dnd!dosn

w=3268.0n
79 [=240.¢n
FON Rt
qndldzsn

a4 11=240.0n
&4 R
dnd!dosn

w=96#.0n
[=248.En

w=060.0nT
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|Nnverter

_ -12 F
Capo = 627100 °—

cin

. -12 F . -
Cavy = 444107 “—  Cpq = 1.92:10

cin

A = 61500 7 F
2

Cir

4 2,/ 9 4
L= 2410""em  Kpg= —- (V39+25-/39) Kpg=0695 Dp= 610 ‘m

1%

Cg =3510 F HN=1 Neng =1
. -9 . . _ Nep-5
Tppgp = 2100 7s Mi=1 Ngp=1 Si=1 .55 °F o 500
Nan |
—_ Cg+ CISW-E-DD-KEQ-(N+ N
M=
—TPHL (M + MR (C g+ Cpp D Egqn +2.C )
- U TEWIAE III+DHE GDO
Magq Lyg-& Q Q
Wy = 3.349x g 8 CiTL Iote: Any W values below 360nm are non-physical solutions.

Wyp = R Wy Wp = 7776 x 107 o

Wyg= 3610 "em  Wp = 36107 "em 36



Dynamic AQOI 22

. -12 F _ -7 F
Crawny = 444-107 "= Cpgi= 192107 —

CIn

A= 615000 . -
Capo = 6.27-10

cin

259.[4.99+ 25-4/98) Kgo=0695 Dp:= 610 ‘om

-2

. -4 .

_ - 15 . .
C,= 265100 F N:=8 Ngyq=3

4
" -9 o o __ Nop s
Tppr, = 2100 s Mi=1 Ngp=1 Si=1 . 5a0 =F . 07
Nsn '
M=
—TPHL (N +M-E) (C Epm+ CupDnEgn+2C :|
h OVSTSWH AR E JN~DHE GDO
Maqq Lyg-& Q Q
Ty = 2754 % 10 . Cin Mote: Any W walues below 360nm are non-physical solutions.

Wy = RWyp Wp = 2.132x 107 “om

. -4 .

12 F

CIn
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Dynamic AQOI 22

« Using the Hand Calculations and not simulating
the inverter separately from the aol allowed meto
get close but not meet specification.

e | couldnotfixitasis.

— Whereisit too slow?
 |f theaol istoo dow it will make the inverter appear too slow.
o Besttodo it separately if it

| changed my hand calculated for a smaller delay
and larger capacitance and used those values.

— Hit spec!
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