Deriving amodel to estimate WN and WP for CMOSlogic gate
propagation delay

Defining the linear delay model

Equationsfor CMOS propagation delay

The equations for propagation delay are derived in section 6.3 of Kang and Leblebici . The important assumptions are

that the voltage during the input of the gate is a step response, and that the mobility is the same for the linear and saturation
regions, and that there is no velocity saturation of the carriersin the channel. This model also neglects channel width
narrowing. The model are restated dlightly below.
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We can rewrite the models more ssimply:
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N NPAVDD- VTN) g&e VDD~ VTN & DD adl
L A6 Y% 4 (Vpp + V 0
P 1 éé T é \Vbb*VTtp, LU
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KNP = ™Coxide KNP = MPCoxide
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Equationsfor theload capacitance

The equations for the load capacitance can be broken up into three parts. The output capacitance of the driver circuit,
the input capacitance of the load circuit and the interconnect capacitance of the wire connecting the input to the driver.

— . -12 F
CLoaDp = Cout + Cg * Cint CapON = 19940 “—
CouT = 2Cqdn * 2Cydp * Cdbn * Cdbp o 49300 8 =

N =4 —
Note that the WN cm
Cabn = WN*PDrainCan * 2{WN *+ Dprain)*Caswn  and WP values for L F

Cqut are f.or the Cigwn = 38240 ~“—
Cdbp = WpDprainCop+ 2’(Wp +Dpyra n) Cigwp  driver wh|_ch in cm
general will be

Cgbp = Co?Wpilp ngp = CepopWp different from the 3.958.85X10 14x£
values of the load. — cm
Cox = —~
.014X10 ‘cm
Cq= Cobn* Cadn * Cobp * Cad Note that the WN _ , .~7 F
g g g gop © ~gdp and WP values for Cox = 2:465° 10 —Cm2
Cgbn = CoxWNLN Cg_are'for theload.
which in general will .12 F
Cogor = Cou AN oL be different fromthe  Cgpop = 2440 = —
gbp OxPP values of the driver. cm
Cgbp = Cox?Wptp  Cgdp = CeDOPWP Cypi= 7.2740 SLZ
cm
. -12 F
Caswp = 31140~ —
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Thelinear delay model
Using the propagation delay equation and the equations for the load capacitance we combine them to aformat of y=mx+b

( ) LN o ( ) o o

tpyL = (Cg+ Cipt) %A + Coyp=—"24 X = (C4+C; M=—>A B=Coyp——"4A Y=t
PHL int ouT int ouT PHL
g W Wy 9 Wy Wy

This model can be quite accurate if A is backfit from spice simulations to match Y=MX+B. We would like to use this
modelto estimate WN and WP that will meet specification with in 20% of a spice simulation. Ideally we would like to hit
timing specification for a gate with in two to three runs.

Symmetric propagation delay
In this case with want the low to high transition equation to the high to low transistion. We set the propagation delay
equations equal to each other. If the lengths of the transistors are the same, and cancelling out the load capacitance we
get:
Lp LN
—>C B=— A
Wp LOAD Wy LOAD

B B
Thisisonly for theinverter. If we want to modify this for the worst case of a AND, NOR or AQI circuit we have to
multiply LN or LP by the number of series transistors between the output node and power or ground. This assumes that

there is no body effect or changes in mobility to velocity saturation.

BN
Nspte o oo NseEN L wpm e o BN wp= R
Wp CLoap® = LoD ANy Ay
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antisymmetric propagation delay

If we want to have antisymmetric delays we can modify the delay equations by a skew factor S

SNt NgnoLt S8\
SP™P SN™=N SP
C B=—-">C A Wp = Wy *———
Wp LOAD Wy LOAD P N ANgy

We can use the relation ship of WN to WP to scale WP once we find WN

Reformulating the linear delay model in terms of WN
To make the derivation easier to read we will make some substitutions.

ao = 2>DDa1n)(CJS\NN>Keqn + CJS\A/F))Keqp) + Cint + Cg
ap = Keqn{ CoN"Drain * 2CaswN) * 2CGDON

ap = Keqp Capprain * 2Cswp) *+ 2CGDOP

LN

_SBNsp -y R
ANgy

tpyL = W—N>(ao + an’WN + ap>WP)>A Now we can substitute WP for WNxR

L
tPHL = W—N>(ao+ anWN + apRM/N)%
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Solving for WN we get:

ap . ap

- CaswnKegn = CaswrKegp

_ Cg* Cint * #DprainCiswNKegn

N UPHL

. (1+R)a,
LA

if: Keqn =1

Cg* Cint + #PprainCIswN
WN =
t
PHL

LA (1+R)E CanPDrain * 2C3swN) * 2CGDON

Cg* Cint + #PprainCIswN
WN =

tPHL 1+ R)(CnDpyan + 2C
L™ (1+R)(Can’Dprain* 2CaswN)
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Why does A and R change with propagation delay?

A is dependent on the mobility of the NMOS and the VT of the NMOS. These both change with width. It isredly the
width that causes a propagation delay, but in this case we are trying to find awidth. B changes with width for the same
reasons, but not by the same amount. Since R istheration of B to A and since B and A change with width both A and R
with change with propagation delay. What | have done is found two pairs of WN and WP that give different propagation
delays and done alinear fit.One pair was the values used in the tutorial. Thislinear fit is not the same as the linear model.
Since A and R had to be back fit,I found it easier to set the overlap capacitance equal to zero, and set the junction and
side wall capacitances equal to each other.

How do | usethisequation to estimate WN and WP for NAND, NOR and AOI gates?
It can be shown:

Cg* Cint + CaswN2Pprain{N + M)
UPHL
NSN>‘LN>A

WN:

- (N + MR){Cagyn2 + Can"PDrain)

SRNgp N isthe number of NMOS drain capacitances in the complex gate.
WP = R’VVN R= ——

NN M is the number of PMOS drain capacitances in the complex gate.
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Example: 3 Input NAND Gate, symmetric propagation delays (.5ns) driving an
external 20fF capacitance, AM106 Technology

S=1 Cg

NSP:=1 NSN =3 N:=5

mL = - 5002 m2 = - 25040%HzZ

S

A = mlx PHL + bl

Cg* Cint * CaswN@Pprain{N + M)

WN =

=2040 °F G = OF

=3 LN:

R := m2% PHL + b2

._ - 9 — -4
tPHL = 540 s DDrain = 1540 ‘cm

640 “em

by == 12.840°W b, := 1.83
SRN
R := —SP

A=103 10'W R =0568

NgN

Wy = 1.658° 10" “cm

UPHL
Ngh LA

- (N + MR C5wnN2 + CiNDDrain)

WP = RM/N

WP isnon physical, so we set it to 1.5um and find WN

Wp = 1540 ‘em Wy = —

UPLH = tPHL

model.mcd

Wy = 2639° 10" “cm

Thiswill produce symmetric delays but faster than
we wanted. We could just set WP tot he minimum
and use the WN value we cal cul ated.

Wp = 9.423" 10

5
cm
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= - 12 t ed” 'PHL
UPHL_Measured = (347- 5040 s g o PHL_Measur X100 Error = - 40.6
UpHL
t -t
- PLH Measured = *PLH
tPLH_Measured = (2654 - 2150)%10 125 Error .= = . X100 Error = 0.8
PLH
t
wy = e Measired ), = 1568”107 “om
t
PHL
t
Wp = —eAMeasred W = 15127 107 Yom
t
PLH
t = (563- 50)40 s tPHL_Measured = tPHL
PHL_Measured - Error := = X100 Error = 2.6
UpHL
t -t
- PLH Measured = *PLH
tPLH_Measured = (2548 - 2150)%10 125 Error .= = X100 Error = -20.4

UPLH
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_ UPHL_Measured

) _ ;a4
Wy = = Wy Wy = 1609° 107 “om
PHL
t
Wp = eHMessred, )y = 12047 10 Yem
t
PLH

Notice that WP is non-physical. We can never get a symmetric propagation delay of .5ns under these conditions.
In fact in the ami06 technology WN would round to 1.5um and so would WP!
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Example: 3 Input NAND Gate, symmetric propagation delays (.5ns) driving an
exter nal 40fF capacitance, AM 106 Technology

— 040 15 _ = g ©
1= 4040 F G i=O0F  tpy = 440

- - -4
si=1 C S Dprgin = 1540 “em

g

- - - - - a0
Ngp:=1 Ngy:=3 N:=5 M:=3 Ly:=.640 “om

W
ml:=-540™%x— m2:=-25040°Hz by := 12840°W b, = 1.83

S SRNgp o,

Cyt+tC i+ C DA XN + M)
nt " ~JSWN Drain -
Wy = g Wy = 4404° 10" “cm

t
PHL
- (N +MR){Cagwn2 *+ Cin'Dprain)

NSNENA Wp= RWy  Wp=254" 10 *

tPLH = tpHL
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- 12 t -t
tPHL_Measured == (335- 50)40 s PHL_Measured = ' PHL

Error := X100 Error = -28.75
UpHL
t -t
§ PLH Measured = *PLH
tPLH_Measured ‘= (2614 - 2150)x10 125 Error := = . X100 Error = 16
PLH
t
Wy = L Measred ) = 31387 107 “om
t
PHL
t
Wp = oA Measred ) W = 20467 107 Yom
t
PLH
t := (438 - 50)40 125 UPHL_Measured - PHL
PHL_Measured - Error := = X100 Error = -3
t
PHL

t -t
- PLH_Measured ™ " PLH
tPLH Measured = (2551 2150)40° ‘s Error : =

X100 Error = 0.25

tPLH
We hit the spec in two spice runs! WN actually rounds to 3.15u, and WP rounds Wp
to 3u. Notice the true ratio has changed quite a bit from the one we calcul ated. Ri=—
Thisis due to the body effect and less velocity saturation in the nmos stack which WN
leads to an increased drive ability, We could recalculate R and A for a3 input
NAND and use them when ever we need to design a NAND. R =0.939
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Si=1 Cqi=4040 F Ciy:=0F tpy =440 °s Dpygn = 1540 “em

g
Ngp:i=1 Ngyi=3 N:i=5 M:=3 Ly :=.640 “m

Vary A until you get WN=3.15um notice that WP is 2.957u. Thiswould be fine because

A=8378W R =0939 the amio6 technology file would round it to 3um.

Cg* Cint * CaswN@Pprain’tN + M)

WN = "
PHL

- (N+MR)H{C X2+ CinDOpra

NayL A ( ) CaswN2 *+ CINPDrain)
g A A

Wy =315" 10 ‘cm

L _ , - 4

L ets try one more with our new values of A and R.
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- = 200" 15 - - -9 - -4
Si=1 Cqi=20M0 F Ciy=OF tpy = 2540 s Dppgp = 15407 “om

— — — — — -4

A = 8373W R = 0.939

Cg* Cint * CaswN@Pprain’(N + M)

WN = .
PHL

- (N+MR)®C 2+ CnDprai
Ngp b A ( )’( JSWN IN Draln)

Wy = 5.157" 10" *cm

— _ a4
Wp:= RWy ~ Wp=4841" 10 “cm

YPLH = TPHL
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124 YPHL_Measured ™ tPHL

tPHL_MeaSJI'ed = (283 - 50)><l0_

Error := x100 Error = -6.8
tPHL
t -t
- 12 PLH Measured ™ *PLH
tPLH_Measured = (2366 - 2150)410 ~"s Error := X X100 Error = -13.6
PLH
t
PHL M -
Wy = e Measred ) iy, = 48067 107 “om
t
PHL
t
PLH M r -
Wp = HMeasred vy = 41837 107 em
t
PLH
t = (284- 50)40 s UPHL Measured ™ tPHL
PHL_Measured - Error := = X100 Error = - 6.4
tPHL
t -t
i PLH_Measured = *PLH
tPLH_Measured := (2387 - 2150)410 125 Error ;= = X100 Error =-5.2

tPLH

You still need two spice simulations. Well if it takes two runs anyway why bother finding a new value for A and R?
If we used the old values for A and R we would have gotten a negative number for a.25ns propagation delay! The
model would have told us that it would be impossible to go this fast.
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What about the TSM C25 process?

-12 F -7 F -12 F
C = 4.44X10 — Cp=192¢0 —— C = 6.27410 —_—
JSWN cm JN c 2 GDO cm

A = 6150W

._ - 4 _"2V.99 _ — e 2
Ly = 2440 fem - Kgg = =02 A/ 99+25-/99) Kpo=0695 Dp:=.640 ‘om

15

Cg =1040 F N:=5 Ngy =3 NgpS
9 R = 2.322%— R = 0.774
tpyL =240 s M:=3 Ngp:=1 S:=1 Ngn
" _PHL (N+|\/|>R)>(c K = + CnDp KA + 2C )
) JSWN™"™E IN*“D"™E GDO
Ny LA Q Q
Wy = 5.063° 10 50m Note: Any W values below 360nm are non-physical solutions.

— _ . an 5
WP = R>WN WP =3919" 10 “cm
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12 t -t
- ] PHL_Measured = ' PHL
UPHL_Measured -= (189- 1540 s Error := —VICoSr X100 Error = -13
UPHL
t -t
- PLH Measured ™ *PLH
tPLH Measured = (2305 - 2025)40° ‘s Error := ——= : X100 Error = 12
PLH
t
wy = e Measired )y = 4405”107 Som
t
PHL
420
t
PLH_Measured ]
Wp = — =, Wp = 43897 107 “cm
t
PLH
t := (208 - 15)40 125 UPHL_Measured = 'PHL
PHL_Measured - Error := = X100 Error =-35
UPHL
t -t
- PLH Measured ™ *PLH
tPLH Measured = (2273~ 2025)40° ‘s Error := ——= X100 Error = - 0.8

UPLH

In this case WN and WP both round to 420nm!
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Example: Domino Gates.

We have 2 stages of domino logic. For theinverter:

12 F -7 F -12 F
C = 4.44X10 — Cpn=1920 —— C = 6.27X10 —_—
JSWN cm JN . 5 GDO cm

A = 6150W

— - 4 299 _ — aay 2
Ly = 2440 fem  Kgg = =2 A/ 99+25-/99) Kpo=0695 Dp:=.640 ‘om

— - 15 — —

Cg =100 "F N:=1 Ngy:=1

— -9 — — — NcpS
tpyL =140 s M:=1 Ngp:i=1 S:i=2 p._ 5459, )

Ngy R = 4.644
N - i
PAL (N+|\/|>R)>(c WK A+ CpDp Kea + 22C )
NN JSWN™ M™EQ * ~IN™~D “MEQ GDO
Wy = 2.039° 10 5cm Note: Any W values below 360nm are non-physical solutions.

Wy = 3.640 “cm

— - s 4 — _ s oA 4
Wp := RWp\ Wp = 1.672° 10 “cm Wp := RW)\ Wp = 1.672° 10 “cm

model.mcd 17

10/8/2004



12

tPHL_MeaSJI'ed = (116 - 15)><l0_ Error

tpLH Measured = (2086~ 2025)40° ‘s Error :

1
EPLH = TPHLS
UPHL_Measured = tPHL

X100 Error = 1

tPHL

U'PLH_Measured - 'PLH

X100 Error = 22

tPLH
11

tPLH_Measured = 6.1 10 s

4
cm

t
PHL_Measured
WN = — WN i .5
tpHL Wy =3636" 10 “cm
We e UPLH_Measured
P=—"" P Wp=204" 10
PLH

- 12
tPHL_MeaSJI'ed = (124 - 15)><l0

tpLH Measured = (2078~ 2025)40° ‘s Error :

model.mcd

Error :

UPHL_Measured = tPHL

X100 Error = 9

tPHL

U'PLH_Measured - 'PLH

X100 Error = 6

tPLH
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_ U'PHL_Measured

Wy =
N tpyL N wy = 3963 10 %om
t
PLH_ Measured
Wp:=— Wp wp=2162" 10" “em
PLH WN rounds to 420n and WP rounds to 2.16u
t = (118- 15)40 %5 UPHL_Measured - tPHL
PHL_Measured - Error := = X100 Error = 3
UpHL
t -t
§ PLH Measured = *PLH
tp H_Measured = (2077 - 2025)+10 125 Error := = X100 Error = 4

tPLH
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A = 6150W ._ -12 F o -7
CiguN = 44440 “— Cjyy = 1.9240

cm

F 12 F
—2 CGDO = 6.2740 12—
cm cm

_ -4 _-24/.99 _ . -4
I T A/ 99+25-/99) Kpo=0695 Dp:=.640 ‘om

C.:=93840 F N:=3

g NSN =2
-9 1 NepS
NsN '
UPHL
Wy = 4.468° 10 5cm Note: Any W values below 360nm are non-physical solutions.
-5 w
— _ s aq B Wp = 3.6X0 “cm _ N _ . 45
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12

UPHL_Measured - tPHL

UPHL_ Measured = (102~ 1540 s gor

U'PLH_Measured - 'PLH

tPHL

- 12
tPLH_Measured = (2311- 2025)X10 s Error :

t
PHL Measured
WN = — WN i .5
tPHL Wy =6.696" 10 “cm
t
PLH_Measured
Wp = Wp Wy =3709° 10" °cm
UPLH P

— - 12
tPHL_MeaSJred = (108 - 15)><l0 S Error °

1

- 12
tpL H Measured = (2290 - 2025)X10 s Error :

t
PHL Measured
WN = —

t
PLH Measured
WP = —

t e
PLH

model.mcd

UPHL_Measured - tPHL

tPLH

tpLH = tpHL?

X100 Error = -13

X100 Error = 43

X100 Error

UPLH Measured - 'PLH

tPHL

X100 Error

tpyL N wy = 6228" 10" Sem

Wp = 4914” 10° °cm

21
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- 12 t -t
tPHL_Measured = (114- 15%X0 s PHL_Measured PHL

Error := X100 Error =-1
tPHL
t -t
- PLH_Measured = *PLH
tp H_Measured = (2233 - 2025)x10 125 Error ;= = X X100 Error = 4
PLH

WN rounds to 600nm and WP rounds to
480nm
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- 12 F -7 F -12 F
C =44440 T— Cypg:=19240 —— C = 6.2740 T —
JSWN o O 5 “epo po—

A = 6150W

- -4 = 1299 _ — 640 4
Ly = 2440 fem - Kgg = =02 A/ 99+25-/99) Kpo=0695 Dp:=.640 ‘om

— - 15 — —
Cg =150 "F N:=1 NSN =1
— - 9 — — — NcpS
tpy =140 s M:=1 Ngp:i=1 S:i=2 p._ a5, B
N R = 4.644
SN
N - ¢
PHL (N+|\/|>R)>(c K = + CnDp KA + 2C )
NgppLn A JSWN™*™EQ ™ ¥IN“D"™EQ GDO
Wy = 4.254° 10 60m Note: Any W values below 360nm are non-physical solutions.

WN

— -5
Wp = 3.6X0 “cm Wy = — Wy =916" 10 ‘em
R

— _ s a4 O
Wp := RWy Wp = 1.976" 10" “cm

Note: Thisis still non-physical set WN=WP=360n

— -4 —

model.mcd 23

10/8/2004



1
tPLH = TPHLS

_ - 12 t -t
UPHL_Measured -~ (43- 15040 s Error := PHL_Measured " PHL X100 Error = -72
UPHL
t -t
- PLH Measured ™ *PLH
tPLH Measured = (2089 - 2025)40° ‘s Error := ——= : X100 Error = 28
PLH
UPHL Measured
WN = N , -5 - 4
tpHL Wy =1008" 10 “cm W)y :=.36040 cm
t
PLH_ Measured
Wp = Wp Wy = 4608 10" °cm
tPLH P
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124 Y PHL_Measured = tPHL

t = (45- 15)X0 —
PHL Measured Error := t X100 Error = - 70
PHL
t -t
_ - 12 __ "PLH_Measured ™ *PLH
tPLH_M easured -= (2080 - 2025)X10 s Error := t X100 Error = 10
PLH
UPHL Measured
WN = = N . B -4
tpHL Wy =1.08" 10 “em W) :=.36040 ‘cm
t
PLH_Measured
Wp = —— "Wp wp=5069" 10" °cm
PLH
— - 12 t -t
tPHL_Measured = (46 - 15)X0 ~“s Error = PHL_Measured PHLX].OO - )
t rror = - 69
PHL
t -t
_ - 12 __ "PLH_Measured ™ *PLH
tPLH_M easured -= (2077 - 2025)X10 s Error := t X100 Error = 4
PLH
| just picked WP=600n
WN=360n
_ - 12 t -t
tPHL_Measured = (48- 1510 s Error ;= PHL_Measured I:)HL><100 E _
t rror = - 67
PHL
t -t
_ - 12 __ "PLH_Measured ™ *PLH
tPLH_M easured -= (2074 - 2025)X0 s Error := X100 Error = - 2

tPLH
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-12 F -7 F -12 F
C = 4.44X410 — Cp=19240 —— C = 6.2740 —_—
JSWN om N sz GDO om

A = 6150W

N -4 _=24/.99 _ _ - 4
Ly = 2040 om K= A/ 99+25- /99) Kgo=06%5 Dp:=.640 ‘om

15

Cqy:=3540 "F N:=5 Ngy =3

g
— - 9 — — 1 NS
tppL =140 s M:=1  Ngp:=1  Si=2 p._5ay SP B
N R = 0.387
SN
N - ¢
PHL (N+|\/|>R)>(c K = + C D K + 2C )
Nt A JSWN™ "™EQ IND™MEQ GDO
W) = 6.986" 10 50m Note: Any W values below 360nm are non-physical solutions.
. _ . 4n D
Wp = RW\ Wp = 2704 10 “cm
i i 4 _Vp ~0amp 1 5
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— - 12 t -t
tPHL_Measured = (101- 15X0 s Error - PHL Measured = * PHL

- " 400 Error = - 14
PHL
t -t
_ - 12 _ "PLH_Measured ™ *PLH
tPLH_Measured = (2304 - 2025)410 ~"s Error := . X100 Error = 39.5
PLH
UPHL_Measured
WN = N . 4 B
tPHL WN =8 10 “cm
t
PLH_ Measured
Wp = — Wp wp=502" 10" °cm
PLH
t = (108- 15)40 12 UPHL_Measured - LPHL
PHL_Measured -= (108 - 15) S Error:= = 400 £ o =
t rror = -7
PHL
t -t
_ - 12 _ "PLH_Measured ™ *PLH
tPLH_Measured = (2218 - 2025)x410 ~"s Error := - X100 Error = - 35

WN rounded to 780n and WP to 480n

model.mcd 27 10/8/2004



- - 9 )
bty = A0 s = 2407 %

- 12 t -t
t := (336- 15)X0 ~“s __ "PHL_Measured = " PHL
PLH_Measured Error := t 00 £ror = 535
10 PHL
'PLH_Measured = 321" 10 s
t -t
_ - 12 _ "PLH_Mesasured ™ *PLH
tPHL_Measured = (2373 - 2025)X0 ~"s Error = - X100 Error = - 19.75

_ , .- 10
'PHL_Measured = 348" 10 s

model.mcd 28 10/8/2004



12 F -7 F -12 F
C = 4.44X10 — Cpn=1920 —— C = 6.27X10 —_—
JSWN cm JN . 5 GDO cm

A = 6150W

— - 4 299 _ — aay 2
Ly = 2440 fem  Kgg = =2 A/ 99+25-/99) Kpo=0695 Dp:=.640 ‘om

= 1040 15 - -
Cqi=1000 °F N:=1 Ngy:i=1

g
— -9 — — — NcpS
tpyL =0540° s M:=1 Ngp:i=1 Si=1 p._ g5, )
Ngy R =2322
N - i
PAL (N+|\/|>R)>(c WK A+ CpDp Kea + 2C )
NN JSWN™ "™EQ IN~D™MEQ GDO
Wy = 4.296° 10 5cm Note: Any W values below 360nm are non-physical solutions.

— _ s aq D
Wp := RWy Wp = 9.976° 10" “cm

Wy = 3640 ‘om  Wp = 3640 “om
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. -12 F . -7
CIown 1= 44440~ Cyy 1= 1.9240

A = 6150W

E
N

cm

Ly = 2440 %m  Kgg = 'Zg?{ 99+25-/99) Kgg = 0695

Cq=52940 F N:=8 Ngy =3

12 F

Capo = 62740 ~“—

cm

Dp = .640  “cm

g
— - 9 — — — NcpS
tpyL=1540° s M:=1 Ngp:i=1 S:i=1 p._ g5, )
Ngy R =0.774
N - ¢
PHL (N+|\/|>R)>(c K = + C D K + 2C )
Nt A JSWN™ "™EQ IND™MEQ GDO
Wy = 8.265° 10 50m Note: Any W values below 360nm are non-physical solutions.

— — , -5
Wp := RAW)y Wp = 6.397° 10" cm

— -4 —
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