Digital IC Design and Architecture

"CMOS MOS Inverter
m.,. Dynamic Behavior
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V. PROPAGATION DELAY DEFINITIONS ¢

ideal input

ASSUME: Initially the

o input is ideal.
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PROPAGATION DELAY DEFINITIONS °
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OUTPUT VOLTAGE RISE & FALL TIMES
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CALCULATIION OF DELAY TIMES

‘ in
\ QUICK ESTIMATES: Vou
T - (’load A\}-I-IL i Cload (VDH Vﬂﬂ%) V
ave, ave, \'% Ti’fl!._ tl tu 5 PLH 3 -2
out # _-_ *
T — C]cracl AVLH _ Cload(VS{}%_ VOL) \? o
PLH 50%
Iavg,LH Iavg,LH v ¢
i i t t R
I, ~ approximate average C, current during
h1gh-to -low V__ transition
awg HL — [IC Vm V Vraut VDH) + iC(\]m VDH ’ V-::ut VS{}% )]
I% G approximate average Cloa i current during

low-to-high V_ transition
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QUICK ESTIMATES: . =
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-+ _ CladAVio to-007 _ Cload(Voos = Vo)
rise = 5
Iavg,lO—to—QD% Iavg,lO—to—QO%

Ia\_,g’g{,_to_m% == approximate average C,__ . current during 90%-to-10%
V__ transition

1. .
Lavg,90-to-109 = E[ll:(vin = Vot Vour = Vooe,) +ic(Vin = Vorr, Vour = Vios) |

g 1010007, > @pproximate average C,, current during 10%-to-90%
L transition

1r. .
Lavg,10-to-o009, = E[IC(Vin = Vor: Vout = Vige,) +ic(Vin = VoL, Vour = Veos,)]



Calculating Propagation Delays By Solving
the Circuit Differential Equation

MORE ACCURATE CALCULATIONOF 1, ., T
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1) Vin - ABRUPTLY RISES CASE -> TPHL

1)V, - ABRUPTLY RISES CASE:  , _ v, 4Vin ’
IC:V_ =V, V. =0->V_
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CMOS Inverter Revisited
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V. 7. 10
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_ 2 (jload 1 ln{ Vout ]
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Tpyp = (jload [ 2VTO n +1 (Z(VOH T(}n) . 1):|
kn (VOH_ VTOn) VOH_ VTOn Vao%
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WHERE for CMOS Inverters V =0,V ,=V_,
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Fall Tirrbe: .
AV,
Vo = Voo WHERE for CMOS Inverters
V'IO% = 0.1V, V9o% =09V,
V. =0 >t

nMOS SAT
nMOS LIN
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EXAMPLE 6.1
Consider a CMOS inverter with C,_ . = 1.0 pF, where the IV

characteristics of the nMOS transitor driver are specified as

follows:
V., =5VandV >4V =>i =i =5mA

Assume V._ is a step pulse that switches instantaneously from

0 to 5 V. Calculate the delay time necessary for the inverter
output to fall from its initial value of 5V to 2.5 V.

Vo, = 05V, +V,]=05[0+5V]=25V
1. FROM IV DATA: Determine V. and k_

NMOSinSAT=>V,_=5V-V. =4V = V_ =1V

USil’lg 1Dnsat = 1(?ﬂ(VGS = VTUI‘[)2 =5 mA

“1Dnsat - - 2XOMA _ 4 625x 102 A/ V2
(Vos - Vron)~  (4V)°

k, -



2.t <t<t: wherei, =1 =5mA 17

D t
t=ty’ Vour=VYoH-VY10on /' Vou Vi, =4V
t=tg Vout=Von D Vou=oV
vl:lut =4V 1
b g 08t “ed@ me Pl AU=nE
1Dnsat Vot =5V m

3. tl’ <t<t;:

t] _ t’l Clmd ln[z(VOH — VTO n) — Vso% )
k ( TOn) Vso%

_ lpF 1n(z(.5—1)v—2.5\7)
(0.625x10° A/V)(5-1)V 2.5V

_ 1X102F ln[s 5
(0.625x10° A/V*)4V \25

) 1.26 ns

Tpyy = 0.20n8+1.26ns =1.46ns



2) V. - ABRUPTLY FALLS CASE:
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C | 21V, |
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o cmd |L 2| VTOP | lll(4(\7DD | VTOP ) 1”
kp T0p |) VDD TOp VDD
Cload 2(‘VTOP B 0'1VDD)

+1In

Trise =

A
0.1Vyy

1<p(WEJ]:J - ‘VTDpD i 1‘z“’TD]:J - ‘VTDp

FOR CMOSINV:V_ =0,V_ =V

T — Cload |: 2 VTO n +1 [4( TO 11) _ 1}}
PHL
kn (VDD_ VTO 11) VDD_ VTO n VDD




CONDITIONS FOR Balanced CMOS Inverter Propagation
Delays, ie. 17, =1, ,

— (jload |_ 2 l VTOp l 1 4(VDD_|VTOP |) 1 —|
R R Y, |[V v, " v - J
p( DD_ TOp ) DD_ TOp

DD

T = (jloﬂd 2 VTO n + ln(4(VDD — VTO 11) _ 1)}
PHL
1{n(VDD_ VTOn) VDD_ VTO n VDD
W W
where kj, = HHCDXL—“ & kp=ppCox L_F'
ol P
FOR T, =T, 4
V..= |VT0p| (W)
k,=k or ‘;Lin=”P
E Hn
\ L/



TpPIH =

1 ] _ Z‘VTOp’ " 4(VDD - ’VTOp ) _ 1\
Wo | Vop - VoD

* Calculation of 7, , depends largely on NMOS driver, i.e.

nearly same for all INV types.

* Calculation of 1, ,, depends largely on the load device and

its operation, i.e. different for all INV types.

*Options to reduce T, , T
*Decrease C_ .
*Increase V|
* Increase W/ L ratio (which usually means increasing W)

Mncox(VDD = ’VTOpD

PHL’ "PLH’



Account for Input Wavetorm Slope

out’ in
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{ >(/ I%\
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f I

EMPERICAL DELAY
CORRECTIONS FOR INPUT t, 1.
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N2
Ty (actual) = \XTPHL (step— input) + (z
J
out T 32
i t[ Tp (actual) = \/ Toy (Step— input) + (Ef)

l Cload



CMOS INVERTER DELAY DESIGN FORMULAS »

T _ Cload 2 VTO n + h][ 4(VDD - VT'D 11) . 1}
PHL —
kn(VDD_ VTUn) V

DD VTO n VDD
W
where kj =ppnCox —
Ll'l
Wn _ Cload 2VIgn m(ﬂ‘-’nm - Vion) 1] ]
Ly TPHLMnCox{VDD = VI0n ) | VDD - VT0n VpD
Cload ’_ - lvTOp | 4(Vpp — | VTGP ) 1
kp(VDD =1 VTD p D VDI:J - |VTUP | VDD
Wp
where kp =ppCox T
P
Wp Cload 2|VTUP‘ 4(VDD - ‘VTUPD _

= +In
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EXAMPLE 6.3
Design a CMOS inverter by determining the W and W of the
nMOS and PMOS transistors to meet the following specs:
>V, =2ViorV =5V
-> Delay time of 2 ns fora V__ transition from4Vto1lV,
withC = 1.0 pk

The process and device parameters are specified as follows:
k’'=uC =30uA/V?

I]

k' =uC_ =10pA/V?

P

L =L "~1.0 lm

V., = 1.0V

VT op =19V

W_ =2 um (limited by design rules)

STEP #1: Satisty the Delay Constraint: 7, from4VtolV
HL =>PULL-DOWN => 1 . determined by nMOS driver

NOTEV, =V__ and 1<V <4V =>nMOS LIN
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Y ]_ ]n[ 4V ”
2(5-1)V -1V 2(5-1)V -4V

2.0x10™s =
(30:( 10704 ) v2

n

1x10“F

11

L T (2.0x107s)(30x10° A/V2)(4)

Vo (51w {]“H ']“E”

1
In(7) = (2.07(0.03)(4) In(7) =8.108



W
©=8.108,L =1lum => W =8.108 (1 um) =8.1 um

L
n From Telay SPEC.
STEP #2: Satisfy the V  constraint, where:

i I
Vi + /k—(VDD+VTOP) 1.0V+ /k—(5+(—1.5))v
V — R — K
o 1 1
1+ |— 1+ | —
[ kR} { kRJ

LOV+ |35V o

_ ky _oy =7 1<R:(1_5)*:1
1
1+ | —

( kJ
4
= u C_(W/L), _30W, _ 3Wn _9 > W, = 5(3)Wu
u,C (W/L), 10W, W, 4
4

withL =1um W, =—(3)8.1um=10.8um

\O



LIMITS TO SCALING DEVICE DIMENSIONS TO REDUCE 30

PROPAGATION DELAYS
T = C]Uad 2 VTU n ] {4(VDD TO n) |
PHL —
kn(VDD_ VTGH) VDD_ VTG n : VDD |
—_ Cload |_ 21 VTUP | 4(VDD — | VTO P D |
A L +In —1 J
k ( |VTU ) DD_lvT[}pl VDD
Wh wp
kn =unC L— kp = 1pCox T
It C . =independentof L , W and L , W/
S CloadLn L 2Vron +h1( 4(Vpp - Vron
MnCox(VoD = VTon)\ Wn/ [ VDD — V1on Vbp
B Cloade i 1 \ 2h‘fTTE]p| . 4(VDD B ‘vTUp‘
PIH &
“nCDX(VDD = |VTDp‘) KWPJ _VDD - |VT0p‘ VoD
AISO kfall . — rise




Cload = Cdbn + Cdbp + Cint + Cgb

kPHL - ) kPHL
ForC. = tant = lim tppp = lim ——=—0s
or C,_, = constant tppy W o - kwﬂ

TPLH - kpLH lim tprg= lim =FLH _, g

E
Only when C__ is dominated by C_ is C,_ , a constant design parameter
that is independent of the device dimensions.
In practice, to minimize area, L, Lp are set to the minimum dimension ,
L.e. Ln = Lp = Lmln‘ |“‘ Y .’|
<4

e
v
n* Channel /P{ nt @ ﬁ "

Source Drain

Cload = Cdbn(Wn) + Cdbp(Wp) + Cint + Cgb



n-well VDD

Ddrain ,

n-well |




n+ Channel /P{ m@ due to gate

— capacitance

Source Drain
of next stage
Cload ~ Cdbn(wn) + C (W ) t ( int t Cgb

intrinsic extrinsic

where
C,..W)=W (Y + x) Jon ean + (W_+2Y) C

_|swn eqn
clbp(\]vp) o Wp(Y X)C]ﬂp eqp (W + ZY)

jswp E‘qp

C =[I,W +CLW O

load

o, _ZY(C K

jswn “eqn jswp~ eqp

o = eqn ((Y + Xj)cj[]n
o = Keqp (Y + xj) Cjnp

) + Cint * Cgb

jswn)

)

jswp



- Cloadln 1Y 2Vigq In AVpp - Vron) 1 -
G 22 AT — T | —— v
1 Cox(Vop ~ Vron )\ Wa/ | VDD - Vron DD
. Clﬂad]-‘p 1 ] 2’VTDp‘ y 4(V'DD - ‘VTUPD 1
PLH = =
anox(VDD _‘VTDPD Wp VoD _|VTOp‘ Vop g
LetC,, =0, + oW, +0o W Cload
Cload f, x wpﬁ
W o
g +(un+RmP)Wn & . “0+( R erijrF‘
=T TPy =
IPHL n Wn PLH ¥ Wp
o \ )
AT R W—P (set to static parameters, V, in CMOY)
n
Ty Ft Ln ] ZVTDI'I h,{ 4(VDD B VTDn) 1”
W + =
\MnCox(VDD - V1on)/| VDD — VTON Vbp
( XTI
Ly Vrey| [ 4VoD ~[Vrop)
Ip - +1In -1
\Hpcox(VDD - ‘VTUpDJ VED- ’VTOp‘ VoD




o +(‘3’-n + Rap)Wn
TpyL = I'n W TpiH = 1p W
n

Hence, increasing W and W will have diminishing influence on 1, and
T, as they become large, i.e.

Limit R i
TPHL = #;111}:’; TPHL = 1ﬂn('ﬁ"n ® RD"P) absolute
L minimum
Limit oo
tpry = limit tpyp = Fp(f + ﬂp] delays
Wp->w

NOTT_].E: t
imit _ Limit . .
l. TPHL, TPLH are independent of oy = f(C_,C ).

int?

2. Achievement of ABSOLUTE MINIUMUM DELAYS comes with maximum
cost, i.e.

DIE AREA -> Maximized

POWER DISIPATION -> Maximized
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Propagation Delay vs. W
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Propagation Delay (ns)
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External load

capacitance =100 fF

Aspect ratio:
R=(WyWp) =275

Ln=Lp=0.3 pm

10 15 20

nMOS Channel Width W, (um)

25

Area x Delay Product (arbitrary units)

5.0

45

4.0
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3.0

25
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CMOS RING OSCILLATOR

load,1

1 2
.

load.1 load.?2 load.3

% N N

= Coaa2 = Cloaas and INV1 = INV2 =

A V V

DD

20%

.,.l"'r

AN Val




\Y%

OH
V [

OL
Yeuiz  Tern s
s Top, TPLI—II
>
T
Coui=C..,=C,., andINV1 =INVZ=INV3
T = Ton + Toris * oy + Toie + Tovns + Tpon = 0Tp
vhere 2t, =Tpyr; +Tpimi fori=1,2,3
1 1 1
fm—m = Oscillation FREQ for 3 INVERTERS
T 3x2t, 6r,

For n INVERTERS: _ 1 _
where n = odd T 2n7, 2nf




AMI 0.5 micron process

CIRCUIT PARAMETERS
Inverters
vinv
Vinv
Vol (100 uA)
Voh (100 uA)
vinv
Gain
Ring Oscillator Freq.
DIV256 (31l-stg,5.0V)
D256 WIDE (31-stg,5.0V)
Ring Oscillator Power
DIV256 (3l1l-stg,5.0V)
D256 WIDE (31-stg,5.0V)

NNNNRPR

O OO O WU o

.04
.29
.12
.86
.47
.26

.75
.47

.49
.00

UNITS

volts
volts
volts
volts
volts

MH=
MH=

uw/MHz/gate
uWw/MHz/gate



Interconnection Capacitance

PARASITIC RESISTANCE:



AMI 0.5 micron process

PROCESS PARAMETERS N+ P+ POLY PLY2 HR POLY2 M1 M2 UNITS
Sheet Resistance 84.4 109.2 22.9 1102 41.9 0.09 0.09 ohms/sq
Contact Resistance 60.9 150.6 15.8 26.8 0.81 ohms
Gate Oxide Thickness 142 angstrom

Note: Polysilicon vs. Metal resistance!



<

p-sub

Double-metal double-poly n-well CMOS process

C C = 2.5 nF/cm?
mm metal-to-metal

C C = 5.2 nF/cm?
oxm metal-to-substrate

C C , = 6.5 nF/cm?
oxp poly-to-substrate

C C = 12.0 nF/cm?

mp metal-to-poly



passivation

B

4

Layer

m?2

Poly-substrate

Metal2-sub

Poly-metal2

Metall-sub

Metall-poly

Metall-metal2
Metall-diffusion
Metal2-diffusion

Cap Ox Thickness
C, 3000 A
C_ 9000 A
C.., 6000 A
o 6000 A
C.. 3000 A
C_ . 6000 A
C_. 3000 A
Passivation 6000 A

Typ Value

50 aF/um?
20 aF/um?
30 aF/um?
30 aF/um*
60 aF/um?
50 aF/um?
60 aF/pum?
30 aF/um?

1 um CMOS
Capacitances

t_=200A
C, = 1800 aF/um?
aF = 10 F



Surface of an IC

133 | 30.0 kV| 18.0




fringing fields 38

<>
C‘l
PP

FF =C__/C,, -> FRINGING-FIELD FACTOR

PP

FF -> INC as t/h -> INC, W/h <- DEC, and W/L -> INC

(SEE PLOT FF in FIG. 6.18 of TEXT)

t
W——

C g2 2n pF/umL for W >t/2

total — +
h ln(1+2h+\/2h(2th+2n
i t t \ _

t
mt| 1—-0.0543 )
W ( 2h pF/um L

] = € + 2h TG +1.47
h ln[1+—|—\/(+2n for W < t/2
i t t LUt i
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wil

Figure 6.18. Variation of the fringing-field factor with the intercmmect geometry.



AMI 0.5 micron process

CAPACITANCE PARAMETERS N+ P+ POLY POLY2 M1 M2 M3 N W UNITS

Area (substrate) 426 724 85 30 15 o 37 aF/um*2
Area (N+active) 2434 34 17 12 aF/um"2
Area (P+active) 2351 aF/um"2
Area (poly) 899 56 16 9 aF/um*2
Area (poly2) 46 aF/um™2
Area (metall) 33 13 aF/um*2
Area (metal2) 32 aF/um™2
Fringe (substrate) 361 241 71 49 33 aF/um
Fringe (poly) 59 38 28 aF /um
Fringe (metall) 46 34 aF/um
Fringe (metal2) 54 aF/um
Overlap (N+active) 292 aF/um
Overlap (P+active) 387 aF/um
PROCESS PARAMETERS N+ P+ POLY PLYZ_ﬁR POLY2 M1 M2 UNITS
Sheet Resistance 84.4 109.2 22.9 1102 41.9 0.09 0.09 ohms/sq
Contact Resistance 60.9 150.6 15.8 26.8 0.81 ohms

Gate Oxide Thickness 142 angstrom



Delay (ns)

10 —

0.1

Interconnection Delays in Sub-micron process
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P A Chip —»

0.10 + intra-module 11"
' connections Modules

1 w2 \\
0.05 + inter-module

connections

: : : i g Wire Length / Chip
0.2 0.4 0.6 0.8 Diagonal Length



Examples of Propagation Delay

CMOS Clock Fan-out=4
Product technology freauency. inverter
generation q y: delay
Pentium Il 0.25 um 600 MHz ~100 ps
Pentium Il 0.18 um 1.8 GHz ~4() ps
Pentium IV 0.13 um 3.2 GHz ~20 ps

Typical clock periods:
* high-performance uP: ~15 FO4 delays

* PlayStation 2: 60 FO4 delays




POWER DISSIPATION

P_= Static power dissipation due to leakage current or other current
drawn continuously from the power supply.

P = dynamic power dissipation due to charging and discharging load
capacitances (v_ assumed to be square-like)

P_ = short circuit power dissipation due to charging and discharging
load capacitances during the finite rise and fall times of v .



VDD DYNAMIC POWER DISSAPATION 15
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T ON
Pavg: l IV(t)i(t)dt
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1T!2 T

: 1 :
Pavg: — .[Vout (t) 1Dn(t)dt+ E I(VDD_ Vout (t))le(t) dt
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Cascade of N Inverters or Super-Buffer to Drive
Large C

.......... a load

standard ;
CMOS o
logic on w ! ’—b- BUIFFER

die : =0 _
C, > can be large s

v PROBLEM: A mumimum sized inverter dnives a

e P J large load C . leading to excessive delay, even

@ with a large buffer (large W/L).
INVI>o- ]— -y
‘E —-l-C SOLUTION: Insert N inverter stages in cascade

8'1] _|_ LOAD  with increasing W/L between INV1 and load
Y C, .- The total delay through N stages will be

less than the delay through a singe stage driving

CLD.-‘LD'

e MPg MPgg ] MPg ] N=3

T o

T “LOAD

V

.E_—lh-

V




Cascade of N Inverters or Super-Butfer to Drive Large C  cont.

INV1 Super Buffer - chain of scaled cascaded inverters
Stage-1 \V/ Stage-2 vV Stage-3

0 01
‘ - —>¢ L {>J- Lc
C,V CF [ 3(6 @5 2C,Y 2°CY aCy | ¥ tow

L
load0 N
CONSIDER N stages, where N 1s a variable, anda™' = C _ /C

LOAD
W_=a'W_ and V\.fp.1 — aino fori=0,1, ..., N
C .. =a(C, + an) fori=0,1,..,N and a"'=C_, /C

loadi

Stage-0 V.

g

NOTE: ALL inverters have the same delay

ai(Cd—l_an) - Cy+aC, where i =1,...,N; 7, is the gate delay for
i Cd+Cg 0 C, —I-C INV1 in a ring oscillator with load C_ + Cg

l;=
a

(N+1) (N+1)T0C +acg ChooseNandatomlmmlzet
(o +C
“In(Croap/Cy)

M =
where a™"' = CLOAD/Cg & N+l= In(a)

toral




Cascade of N Inverters or Super-Bufter to Drive Large C cont.

B Cd+an
Ltotal = (N+ I)TO Cd+ C ln(CLOAD/CU) Cd-l- an
s = lotal = In(a) =70 CytC
N_|_1: ln(CLOAD/Cg) W R i g
In(a) | L= aWnO and VVPi = aWpO

TO MINIMIZE t_

dteotal _ o 1| CLOAD r_ 1/a Cd+an' L1 Cq !
da 0 Cq L (In(a))? Cqg+Cq ) In(a)| Cq+Cy

JZO

. 0
aopt[ln(aopt‘)—l] = % a,,ze=2.718
g

For the SPECIAL CASEC,=0=> In(a_)=1lor a_ —e! =2.718

ot

Simce C > C , C = 01s only an academic special case.
g d



Cascade of N Inverters or Super-Buffer to Drive Large C _ cont.

EXAMPLE: Design a Buffer using a scaled cascade of inverters to achieve
mimmum total delay t_ when C, . =100 C,- Consider the case where

total
C,=2C.
g
C, = 2C‘g == plot a . as function of Cdng: A = 435 =1n (aopt) =147

Plot using Excel, MathCad, Matlab. N_Fl:]n(CLQAD{CEJ
Infay,) 6
::N:micmﬂﬂfcéj—lzz.m—w:s

1.47

. C .
g

i W_IW W IW,,
1 _ I _

1 (a, ) =435 (a, ) =435
2 _ i_

2 (2, =1892  (a ) =189

5 5
a,,) =8231  (a ) =823l




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Propagation Delay vs. W
	Propagation Delay vs. Area
	Slide 36
	Slide 37
	AMI 0.5 micron process
	Slide 39
	AMI 0.5 micron process
	Slide 41
	Slide 42
	Surface of an IC
	Slide 44
	Slide 45
	AMI 0.5 micron process
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56

