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Introduction (1)

@ Cascaded CMOS inverter stages

Vop
C C
gs.p sb,p
EI——I
==
Cad,p Cab,p
Vih, & Vout
Cgd Cdb,n

- B
L A

C,u= ng,n + ng,p + Cdb’n +Cdb,p +C. +Cg

mnt

© CMOS Digital Integrated Circuits — 4t Edition



L
71 22}
»h [T 1
P Cyrics) Tath
hoh vyl (s owest)
Vi 8k { ] lew v 6 Ty

\ pos

3 © CMOS Digital Integrated Circuits — 4t Edition



Introduction (2)

® First-stage CMOS inverter with lumped output load
capacitance.
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How to Choose an Optimal Ratio of Wp/Wn

y

'k/y = ZV\‘“

wWp Fwnz= 2Un v, =20 W, L’%'E""’/"m
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Cascaded Connection of PMOS and NMOS in a Path

P4 NV A

A

( N ojse ta /m con i defhion %wdf)

/‘" /1P

© CMOS Digital Integrated Circuits — 4t Edition



Delay-Time Definitions: Propagation Delays

Vin |
1 VSO% :VOL+_(VO _VOL)
VoH - idealized 2
\ step input 1
Vso% \ — 5 ( VOL + VOH )
Vv
OL -t
Vo T =1 —1
“ou Top Toury PHL 1 0
Vo L Ty =6 —1
V509
VoL - S Trur * Tprm
t Y b 13 2
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Delay-Time Definitions: Rise & Fall Times
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Calculation of Delay Times (1)

€ Simplest method : estimating the average capacitance
current

Z-PHL _ I ]
avg ,HL avg ,HL
T _ C]oad _ load ( V50 % )
PLH I I
avg ,LH avg,LH

= The average current

L e i = [lc Vie =Vor sV =Vou ) +ic (V =VousVou = Vsoo, )]

L g1t = |:lc Ve =VorsVour = Voo, )"' e (V =VorsVou =Vor ):I
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Calculation of Delay Times (2)

€ More accurate method: solving the state equation of
the output node in time domain
= The capacitance current

dVO”t =1.=1, —I
load —YC T "D,p D,n
di )
—~ Vout
. . . |
= The rising-input case D0 1
Vin © IE T c
't ~ load
lD,p ~ O R nMOS J
load dt — ' 'D,m
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Calculation of Delay Times (3)

= (Calculation of the propagation delay time

Vin
2 A
. (I/m o VT,n)
an:W.Vsat.Cox. Vou 1
Vo =V )+ ECL
2
=WwW-.v -C - (VOH_VT’n) VoL ;
o sat ox ) ; -
(VOH - VT,n) + ECL Y | -
aut 1 PHL
i - i . .
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Calculation of Delay Times (4)

t=t,
Jt:to dt = —Clpug J. Vo

[(VOH o VT,n ) + ECL:| Cload VSO%
stat Cox (VOH o VT,n )2

lD,n Vour=Vor

stat Cox (VOH o VT,n )2

L =1, =

= The propagation delay time for high-to-low output transition

- _Cload 2 KO/[(V —V )+EL]
PHL = T E.L

= For VOH—nVDD and Vg, :( )
= Cload V50/ [( )+E L]
Ok, EcL (VDD ~7,.)

Vous =Vor —Vsons [ 1 }H’V;u |:(VOH Vi ) * ECL:| Croad J‘VouFVOH—VSO%

dV
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Example 6.1 (1)

@ Calculate the delay time of CMOS inverter necessary
for the output to fall from its initial value of 1.2V to
0.6V

= Vpp=1.2V, lci;=2mA for Vc20.27V
= output load capacitance of 30fF

¢ Sol.

= From t=0 to t=t;=tg,,, (saturation region)
= For the saturation region

dV V _ V 2
C—OW = _]D = _Isat — _W ) vsat ) Cox ) ( A T,i’l)
d Vo =V )+ E L,
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Example 6.1 (2)

= The amount of time in which the nMOS transistor operates in
saturation

Lz—tde,ay g = _J-Vou,—o.6 C av

=0 V=12 ] out

= The total delay time

AV-C 0.6V x30fF
tdelay = [ = ZmA — 9 [pS]

sat
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Example 6.2 (1)

® Determine T, (Vggo,~V199,) Of CMOS inverter using both
the average-current method and the differential
equation method
= Vyp=1.2V
« «,C,=0983mAN?, (W/L),=10, V;,=0.53V, E_ L, = 0.45
= An output load capacitance of 30fF

¢ Sol.

= 1) Using the weighted average-current method: average

capacitor current

V . _V V _V 0
1, ="ty =12V,V,, =1.08V)+- 2% [y =12V,V,, =0.12V)
AV AV

avg

Vs =V, A N
7 90% ds,sat.W C (zn T,n) + ds,sa

_V 0 k
L _10% " 1200 V) Vi =V |
_VIO% 2

. V . .
sat oxX
V90% - Vm% (Vm - VT,n ) + ECL V90%
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Example 6.2 (2)

_1.08-0.27 0.983x107° x0.45x10° (1.2-0.53)°
0.96 2 (1.2-0.53)+0.45
+0.27—0.12.0.983><10_3><10. 1

0.96 2 ( 0.12)[
1+

2x(1.2-0.53)x0.12-0.12° |
=0.84[mA]

= The fall time

C-AV  30x107"°x0.96
T = = 3
1 0.84x10

avg

=34.2[ ps]
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Example 6.2 (3)

= 2) Using the differential equation approach
= The current equation for saturation region

_ 2
C dl/oul — _W . Vsat . Cox . (Kn VT,n)
dt V., =V )+ EL
-3 . 2
dv,, _ 0.983x107 x 10x0.45. (12-0.53" oo o
dt 2%x30x10 (1.2-0.53)+0.45

= The time during which the nMOS operates in saturation

1=lsq d 1 Vour =027 dV
L:o == 2.95%10" J.Voutzl.OS out

0.81

[ = =275 ps
“2.95%10" Lps]

17
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Example 6.2 (4)

= The current equation for linear region
WV __k 1

out __ n

- 2.(I/in_VT,n).I/out_I/out2:|

i 2 v [
ECLn ;

t=t,, N load Jy,  _g 57

ElLl/out
C d
kn[z(VOH Ve Wou =V, T Vou

3o><1015[ 1L (4(2(12-053)-0.12)
(

—1 =
fat TG 835107 | (1.2-053) | 2(1.2-0.53)-0.27

2 2(1.2—0.53)—0.12
+ In =8.7 [ ps]
0.45 2(1.2—0.53)—0.27

1+

= Total fall time

T =27.5+8.7 =36.2[ ps]
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The Propagation Delay Time

= Propagation delay time for low to high transition
C,u 2 VSO%(VOH_VOL_‘VT,p‘+ECL)
Tpn = I .E L. 2
P ¢ (VOH Vo _‘VT,p‘)
= For Vou=Vpp Vo =0,
C,u 2 I/SO%(VDD_‘VT,p‘-I_ECL)
Tpn = 2 'E L. 2
» Ec (Von =172, )
® The sufficient conditions for balanced propagation
delays, i.e., for T, =T p 4

Vi, = ‘VT’ p‘ and
E k,=E k (ot W /W =E,  u /E, n)
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Propagation Delay Time w/ Finite T. & T

€ Empirical equations

2
T (actual) = \/ z;,, (step input)+ (T—zrj

2
.
7oy (actual) = \/ r;,,, (step input) + [é}
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Inverter Design with Delay Constraints

® Given a required delay value, the (W/L)-ratio of the
nMOS

(W;)_ Coaa 2 .VSO% [(VOH_VT,n)+ECLn:|
T;HLlunCox E.L, (VOH V. )2

Ll/l

® Given a required delay value, the (W/L)-ratio of the
pMOS

p

[Wp]: Crous ' 2 .VSO% (VOH_VOL_‘VT,p‘+ECLp)
L T;LHﬂpCox E.L, (VOH -V, —‘VT’p‘)z
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Example 6.3 (1)

@ Design a CMOS inverter (determine W, and W) to
meet the following specifications.
= V,;,=0.6V for Vpp=1.2V

oy, <20ps, Tp g £15ps

A falling delay of 40ps for an output transition from 0.8V to
0.1V

A combined output load capacitance of 10fF

v C..=184 uA/N?, V;, =05V, E_L = 0.3
n-ox 70n cn—n

,upC =46 LA/V?, mp——048v E. L =1.2
L=40nm, W_...=300nm

min
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Example 6.3 (2)

¢ Sol.

= The minimum (W/L) ratio of nMOS
(W ]_ Cowa 2 .VSO%(VDD_VT,n_FECL)

n

L) tomtt,Co EcL (Vo -V,,)
_ 10x107" 2 0.6(1.2-0.5+0.3)
- 20x1077x184x10° 03 (12-0.5)

=22
= The minimum (W/L) ratio of pMOS
[Wp ] _ Cload 2 I/SO% (VDD B ‘VT’p ‘ + ECL)

L, TPLHlupcox Ec L (VDD—‘VT’p‘)z
_10x107"° 2 0.6(1.2-0.48+1.2)
C15x1077x46x10° 1.2 (1.2-0.48)’
—53 4
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Example 6.3 (3)

(V,,=V:,) EcL,  (1.2-0.5)x03
VD sat,n - = = 021V
o (V,=Ve, )+ EL, (12-05)+0.3

d V. =021V

0

out
1 _|_ out

—_— — . —_ . —_ 2
Cload 7 o 0 %4 |:2 (I/m VT,n) I/out I/out :| V < 021V
E.L

n

=Y I/m _V n +E Ln
tdelay = 4OX10_12 = _2CloadJ‘Vou 021{ ( - ) : }dl/out

Fou =08 kn (V;n - VT,n )2 'Ean
o L+ Y,
~2C0ud .[ V;:t:_o..zl4 W - AV ou
\/’lncox (L:j [2 (VOH Vi, )Vout - Vout2 :| |
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Example 6.3 (4)

1 (Vm Vy, )+ E.L

Cgetay = -2C,, .- - n J‘:om:;deow
ﬂncox ( L j (V;n B VT’n) . ECL” (;m 1 A
L b Vo
v, ;—01
choad J. - >(’Z’I/out
( ] Fou=0.21 |:2(VOH _VT,n)I/out _I/outz]
10x107" 1.2-0.5)+0.3
tdelay =—2X <10 X ( )2 X(—059)
184><106><(W”j (1.2-0.5) x0.3
L
", loxlo® 0l X( L 1.7)
» Wn] 021 (1.4 0.42
-15 L,
40x10" =10 rg6143.53] .
184x106(\£v”j [L”j=10.24
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Example 6.3 (5)

= The logic threshold voltage of the CMOS inverter,

Vo VTO,n +\/;'(VDD _‘VTO,p‘) —06 = Wp Ec,n 'Ln
g 1-|-\/; . /4 Ec,p'Lp
w
L [VLVJ“
E
k=22, Cn AP =0.694 —Wp =61.1
w. | Ec, 39x%x1.2 )
L

= Determine nMOS : W, =880nm, L,=40nm
= Determine pMOS : Wp:2,440nm, Lp:40nm
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A Design of CMOS Polycells (Standard Cells)
IEEE Trans. On Circuits and Systems, vol. CAS-28, no. 8, Aug. 1981.

(abstract)- this was for 2.5 um CMOS technology

A Design of CMOS Polycells for LSI Circuits
SUNG MO KANG

A bstract— We have designed CMOS polycells with a uniform height for
LSI random logic circuits. The design objective was to minimize the
product of propagation delay and chip area while allowing noise margins to
be at least 25 percent of V;,. Designable parameters were identified to be
channel widths in p-type and n-type transistors. Analytical models were
derived to show the existence of an optimal solution point. Physical
interpretations of models were also given. SPICE was used to simulate
propagation delays and noise margins in inverter (INR), 2- and 3-input
NAND and NOR gates under worst-case conditions. The chip performance
of polycell-based CMOS circuits was then estimated by averaging perfor-
mances of these five logic gates. With 3.5-um design rules, the channel
widths in p-channel and n-channel transistors were designed to be 35 pm
and 17 pm, respectively.
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Output Load Capacitance

Cload = ng,n (VVn) + ng,p (Wp) + Cdb,n (VVn) + Cdb,p (Wp) + Cint + Cg
=fWw,.w,)

H Voo

— SOURCE
Cdb,n T W;DdraianO,nKeq,n + 2(W;1 + Ddrain)cjsw,nKeq,n : SMOS
transistor
Cdb,p — WderaianO,pKeq,p + 2(Wp +Ddrain)cjsw,pKeq,p

Chous =yt W, +a W,
where Input Output
aO = 2Ddrain (stw,nKeq,n + stw,pKeq,p) + Cint + Cg
_ nMOS
an = Keq,n (CjO,nDdrain + 2stw,n) transistor
SOURCE
a,=K,, (CJO,demin + 2stw,p) u GND
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The Propagation Delay Expressions

. _ (ao +anVI/n +apr) ( Ln j 2 I/50% _(VDD _VT,n)+EC,nLn:|
PHL — )

7, 4Co) EciLy (Vo =Vi, )

- =[a0+a"W"+aprj-£ L, j 2 .I/SO%(VDD_‘VT,p‘—FEC,pr)

L W, uC, | E. L (Voo 1P |)
a +(a”+a )W
0

RE(%} . TPHL:Fn{aO+(an+Rap)Wn] fos =T RW » |V

n VVn p

where

. :( L j 2 .1/50%|:(VDD_VT,n)+EC,nLn:| r :( L, j 2 .VYSO%(VDD_‘VT,p‘—*_EC,pr)

"\, ) EelL, (Voo =V1 ) PG ) Ee,l, (Voo 7))

€ The limit-delay values (diminishing gain)

o =T (a, +Ra,) To =T, 0;”+apj
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Voltage (v)

Example 6.4 (1)

Vpp=1.2V, R=(W/W,)=2
€ The simulated output voltage waveforms

1.6

1.4

1.2

1.0
0.8
0.6 i

04 >

0.2

0.0
-0.2

-0.4

— o Out (W,=1.5um) |
—4— out (W,=2.1um) |
—<— Out (W,=3.0um) _|
—+—— Out (W,=7.5um) |
—>¢— Out (Wy,=15um)

100 150 200 250
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Example 6.4 (2)

@ The falling-output propagation delay

T T T T T
60 - - —
R \ VDD =1.2V |
90 F \ External load -
e \. Capacitance = 30fF
E 40 | Aspect ratio : i
I~ \_ R = (Wo/W,) = 2
c h o
_g 30 | \\- Ln = Lp = 60nm _
> ~
® .
o . _g
© 20 | ., -
0_ ~8_g ~B_pg —-a_g .
10 | -
\ I \ I \ I \ I \ I
0 5 10 15 20 25

NMOS Channel Width W,, (um)
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Example 6.4 (3)

® The (Area x Delay) product

6 L} l L} l L} l L} l L) l
5 51 -
5 Area x Delay
> product
o
s 4r 7
L
B
>
°
e 3t _
o
>
©
© -
Q minimum
x 2 -
©
o
<

1k _

] ] ] ] ]
0 5 10 15 20 25

nMOS Channel Width W, (um)
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CMOS Ring Oscillator Circuit

Cioad.2

I'=7p + o + Tppra + Topmn + Tours + Torma

=27, +27, +27,

=3x27, =67,

33
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Sizing Trends of CMOS Inverter w/ Small
Geometry Devices

—

0.60 —

&

B = 2.58

Vth (V)
o
3

24 TPHL
22 ‘EP/‘

18 - 'PLH

50 Tfall

30 Trise

Rise & fall time (ps) Propagation delay (ps)

1.0 1.5 2.0 25 3.0 3.5 4.0
B ratio
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Estimation of Interconnect Parasitics

€ Main components of the
output load

: interconnect 1
1

interconnect 2

= Internal parasitic
capacitances of transistors  mped

interconnect
= Interconnect capacitances

capacitance
= |nput capacitances of the
fan-out gates
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The Transmission-line Models

A B e :;
&
Il % Il % 1 % §
time
< —_—
1 % L % :
8 = IR :
g | i
-‘: | 1 time
(" (2' fall ) <2.5x% (1) = {transmission-line modeling}
%

/ / either transmission-line
2.5x| — <rrise(rfaﬂ)<5>< —|= _
% % or lumped modeling

Trise (Tfall) > 35X (ij = {lumped modeling}
A%
e
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Interconnect Delay

—*= Gate delay K
-=- | ocal wire /

100

-
o
I

—*— Global wire w/ repeaters
-+ Global wire /

-

Relative Delay

e
-

250 180 130 90 65 45 32

Process Technology Node (nm)

@ Dealing with the implications and optimizing a system
for speed
= Estimating the interconnect parasitics in a large chip
= Simulating the transient effects.
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Statistical distribution

® Statistical distribution of interconnection length on a

typical chip

P A

010 T

0.05 T

intra-module
connections

e

Chip —=

.-"'..'...‘
Modules T

inter-module T‘Z’D‘ﬁ]

connections

&

| t p Wire Length / Chip

38

0.2

0.4

0.6 0.8 Diagonal Length
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Interconnect Capacitance Estimation (1)

@ A simplified view of six interconnections on three
different levels

A
RAEEL

LEVEL 3

£y i i
IR 1141 : At [
4 i . EsE i P
i i it iy
£ = A T AR tH Arpisa
f LI ey : B i 2 BiEe dit
! HH S BRI, 1 11111 . conos ol igd
d g : Ay Pt
— — LAl g T : I
- i A : il e P!
: i A Fpe ooy ciiets: j . g et A

L e

(qih
PEITS

LEVEL1 [y
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Interconnect Capacitance Estimation (2)

@ The section of a single interconnect

W20

[ ]
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Interconnect Capacitance Estimation (3)

® The total parasitic capacitance

Fringing fields

7N

(] [
. '

N v 4
N

CDD _
(parallel-plate capacitance)
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Thickness value of different layers

Field oxide thickness 3um

Gate oxide thickness 2.6nm

Polysilicon thickness Ipm (minimum width 0.06pm)
Poly-metal oxide thickness 1.1pm

Metal 1 thickness 1.8um (minimum width 0.09um)
Metal 2~7 thickness 22pum (minimum width 0.1pm)
Metal 8~9 thickness O9pum (minimum width 0.4pm)
Via oxide thickness (PO-M1) 1.75pm

Via oxide thickness (M1-M6) 2.2pum

Via oxide thickness (M6-M9) Oum

n" junction depth 23nm

p* junction depth 28nm

n-well junction depth 3um

42
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Parasitic Paral

el-plate capacitance values

FOX | PO Ml M2 M3 M4 M5 M6 M7 M8 M9
FOX - 637 | 5.14 | 298 | 199 | 1.49 | 1.20 | 099 | 0.85 | 3.23 | 2.45
PO 6.37 - 16.6 | 5.13 | 199 | 149 | 144 | 1.16 | 0.97 | 3.57 | 2.64
Ml 5.14 | 16.6 - 15.1 | 428 | 250 | 1.76 | 1.36 | 1.11 | 3.96 | 2.85
M2 | 298 | 5.13 | 15.1 - 15.1 | 428 | 250 | 1.76 | 1.36 | 4.61 | 3.17
M3 1.99 | 1.99 | 428 | 15.1 - 15.1 | 428 | 250 | 1.76 | 5.51 | 3.57
M4 1.49 | 1.49 | 250 | 4.28 | 15.1 - 15.1 | 428 | 250 | 6.85 | 4.09
M5 1.20 | 144 | 1.76 | 2.50 | 4.28 | 15.1 - 15.1 | 428 | 9.05 | 4.79
M6 | 099 | 1.16 | 1.36 | 1.76 | 2.50 | 4.28 | 15.1 - 15.1 | 133 | 5.77
M7 | 085 | 097 | 1.11 | 136 | 1.76 | 2.50 | 4.28 | 15.1 - 253 | 7.26
M8 323 | 357 | 396 | 4.61 | 551 | 685 | 905 | 133 | 253 - 253
MO | 245 | 2.64 | 285 | 3.17 | 3.57 | 4.09 | 479 | 5.77 | 7.26 | 25.3 -

43
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Parasitic Fri

gle]

ng-plate capacitance values

FOX | PO Ml M2 M3 M4 M5 M6 M7 M8 M9
FOX - 234 | 15.1 | 132 | 11.5 | 10.7 | 10.2 | 104 | 10.5 | 123 | 11.2
PO 234 - 27.6 | 156 | 126 | 114 | 104 | 104 | 109 | 12.7 | 11.2
Ml 15.1 | 27.6 - 264 | 145 | 123 | 11.3 | 108 | 11.3 | 132 | 11.8
M2 132 | 156 | 264 - 264 | 146 | 124 | 11.6 | 11.9 | 139 | 123
M3 11.5 | 12.6 | 145 | 264 - 264 | 147 | 12,7 | 1277 | 149 | 128
M4 10.7 | 114 | 123 | 14.6 | 264 - 264 | 149 | 139 | 164 | 135
M5 102 | 104 | 11.3 | 124 | 147 | 264 - 26.8 | 164 | 18.6 | 143
M6 104 | 104 | 10.8 | 11.6 | 12.7 | 149 | 26.8 - 286 | 22.6 | 153
M7 105 | 109 | 11.3 | 11.9 | 12.7 | 139 | 16.4 | 28.6 - 33.0 | 16.7
M8 123 | 127 | 132 | 139 | 149 | 164 | 186 | 22.6 | 33.0 - 32.4
M9 1.2 | 11.2 | 11.8 | 123 | 128 | 135 | 143 | 153 | 16.7 | 32.4 -

44
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Interconnect Resistance Estimation

& Total resistance in indicated current direction
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RC Delay Models

€ Simple lumped RC model & T-model

Vin

t
Vot (1) =V (1 - exp(_ED R/2 R/2
Vin VWA —AMN

J\RN‘ % ] Vout

T -
Vo =V, | 1 —exp| ——LLEL T ¢
50% DD[ p( RC jj

Tpy = 0.69RC
@ Distributed RC ladder network model

Total of N segments

“““““““““““““““

R/N R/N R/N RN
Vin VWA J_ VA VWA *

Low Lo |
I 1 1

Vout
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Various RC Models

V. V \V/ ‘/I\?//\% ,/F\\)//\a vV
in in out
% c % c
(@) lumped RC model (b) T-model
R/4 R/2 v v

out in out

FETE

(c) T2-model (d) m-model

J— C/a J— C/2 J— C/a | J— C/flv J— C/flv J— J—
FEE PR

(e) m2-model (f) m3-model
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The Elmore Delay (1)

N
:ycj y Rk

j=1 for all

8
1.
I G kePI-j

o
I
® The general topology of the RC tree network

= Let A/ denote the unique path from the input node to node j
/=123, .., N

= Let Py = P/« P/denote the portion of the path between the
input and the node / which is common to the path between
the input and node /.
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. I AT/‘ 4 JC?/* 5
Vin VW __L %CJ, f
7, =RC +RC,+RC,+RC,+RC,+(R +R)C, :‘” \ L L
+(R +R,+R,)C, +(R +R, +R,)C, o J_ij icf‘f“«—j_ca
rps =RC, +(R +R,)C,+(R +R,)C, +(R +R, +R,)C, 1 1 1
+(R +R,+R,+R,)C;+RC,+RC, +RC,
H‘l Ro R3 HN
v AN -LC;AN‘ J_C;NV‘ J_CS VWA _LCN Vout
I I 1 1
N J v ;
Ton :ZCJ’ZRk TDN:Z(EJZ(£) Ty _RC for N — oo
j=1 k=l SA\N S \N 2

) (5
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Example 6.5 (1)

€ 1) Examine the propagation delay across a long
polysilicon interconnect line (length=1000 ¢« m, width=1 ¢ m)
Reeet= 15 Q/square

sheet™
¢ 1) Sol.

Rlumped = Rsheet X (# Of SquareS)

— 15(Q/square) x (IOOOILIHIJ —~ 15kQ)

1 tm
C uratier— piaie = (UNIt area capacitance) x (area)
=0.106fF/ um* x (1000 zm x 1 zam) = 106F

C inge = (unit length capacitance) x (perimeter)

=0.043fF/ tam % (1000 m + 1000 zm + 1 zm + 1 im) = 86fF
C =C +C =192fF

lumped —total parallel— plate fringe
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Voltage (V)

Example 6.5 (2)

= The simulated output voltage waveforms

Input
—O— Lumped RC model
—/— Distributed RC model

| N | N | N | N | N |
3.5x10° 4.0x10° 4.5x10° 5.0x10° 5.5x10° 6.0x10° 6.5x10° 7.0x10° 7.5x10°
Time (s)
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Example 6.5 (3)

= The simulated output voltage waveforms with an
overestimation of the propagation delay time

1.2

Input
i —O— Lumped
10} RC model
—/— Distributed
RC model
_ 08}
S —<— 27 - model
° —o— T - model
§ 1)) RN I
S
> 04l
0.2}
0.0 O
1
3.8x10° 4.0x10°
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Example 6.5 (4)

® 2) Consider a polysilicon line consisting of two
segments (W=1.5 uym & W=0.5 pm, each 500 ym)

500 pm

il P
i -

.

|| ma gg %% E: [1.5!_1m

‘ 2) 50|. polysilicon interconnect line
R, .1 =15(Q/square) x 2W0um | _ 15kQ, R, ., =15(0/square)x 200um ) _ 5kQ
’ 0.5um ! 1.5p4m
Rlumped—mtal = Rlumped—l + Rlumped—z = 20kQ
C puratie oot = 0-106£F / zm? x (500 £m x 0.5 2zm) = 26.5F
C poratel-piare—2 = 0-106fF / zm* x (500 4m x 1.5 zmm) = 79.5fF
Cfringe—l ~ Cfringe—Z — 46fF
Clumped—total = Cparallel—plate—l + Cparallel—plate—Z + Cfringe—l + Cfringe—2 - 192fF
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Voltage (V)

Example 6.5 (5)

= The simulated output voltage waveforms

1.2 -

1.0 Input _
—O— Lumped RC model

0.8 —/— Distributed RC model

(propagation A — B)
—+— Distributed RC model

!l (propagation B — A) i
\Ab

06|

| J
0.4} A\ -
0.2 I ! X'\ A\\\\O -
0.0 =&=@-§ — *\%} tﬁ\é};@:a:

3.5x100  4.0x100 4.5x100  5.0x10°  5.5x10°  6.0x10°  6.5x10°  7.0x10°  7.5x10°  8.0x10°
Time (s)
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I
1.2 Input  — '
am—
L. —O— Lumped r e E///B_——/
10k RCmodel  _f - / o—_
' —+— Distributed E./o/
RC model | | _— '
_ 0.8 —s— 27 -model | / 4
3 L | .
[«2)
o
i
o
>
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Example 6.5 (6)

= The simulated output voltage waveforms with an
overestimation of the propagation delay time
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Switching Power Dissipation

1

in

1
[

1
] 1 : 1
1 . 1 1 1
1 H ] 1 1
] ' 1 i 1
] . 1 X 1
] ' ] i 1
1 1 | H 1
l I
CI : :
oad : :
nMOS nMOS active ! ! nMOS active
: j .
T T L
= — e T2 T
! pMOSactive |

56 © CMOS Digital Integrated Circuits — 4t Edition

t




The Average Power Dissipation

P = [ v(0)-i(e)dr

@ The average power dissipation of CMOS inverters

| [ T/2 dl/out r dl/out
})avg :?_J‘O I/out (_Cload dt jdt+jT/2(VD _I/out)(cload dt ]dt:|
[ 5 \|T/? T
p =1l _¢ Y v v .c Lo p
avg load DD out load load” ,,
r 2 ) 2 -

1 2
F vg = F Cload VDD or })avg — Cload ) VgD ) f

a
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The Switching Power Expression

® The average switching power _|
expression will hold for any  — piic
CMOS logic circuit. —

l iN
== Cjoad

o
Q
g
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Power Meter Simulation (1)

--------------------------

<
w
I
o
+
7\
_/
.‘_
=
-
=
&>
<
VWA
2
e
I
1]
O
S
<
e

A A

Periodic input Device

Vin(t) = Vip(t+ T) Ci::::ruit

_ Cload
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Power Meter Simulation (2)

® The current equation for the common node
dv 4

C,—~=pi,——~
Yo dt 'BSR

y

® The initial condition of V,
—ﬁ tex _ttry T)dt
Vy(t)_cy jo p( Rycy}DD( )d

® Assuming R,C, > T,

V)<L i (M B,
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Example 6.6 (1)

@ Simulate the Circuit in Fig. 6.27 w/ power meter
" Vpp=1.2V, P,,,=0.25mW

61

Voltage (V)

1.4

1.2

0.8

0.6

0.4

0.2

0.0

-0.2

Vin

V

out

1.0
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Example 6.6 (2)

€ Simulation results

. . . . sl ]
250 i I
L i 16}
200 . I
— 14}
< : I
2
+— 1501 12
< I
= 2 1]
3 1001 2
> 5 8
I =
= 501 £ 6L Pag(t=T) =3.33uw
2 oo 4 i
0 o
o 2 n
50k i L
L 0 -
-100 A ] A ] A ] A ] A ] A 2 i . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ps) Time (ps)
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Power-Delay Product

@ The average dynamic power dissipation

PDP — CloadVDzD

@ The power-delay product
PDP=2P" 1,

avg

PDP =2 (Cload Voo f e ) L

1
o e
z-PHL + z-PLH 2

. 2
_ Cload VDD
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Energy-Delay Product

@ A fair metric for comparison

Delay Power consumption PDP EDP
(ps) (mW) (pJ) (10-21)-s)
Add_a 180 40 7.2 1.296
Add_b 240 30 7.2 1.728
& EDP
EDP = PDPxt,
_CloadVDZDTp
=2P,,7;
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