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CMOSinverter / Static Behavior
Switching threshold Vy 2>
Both PMOS and NMOS are in velocity saturation
Ipntlpp =0 > ignoring channel length modulation
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£=0
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() KnVDsamé?/M ~ Vi - th =+ KPVDsatngM - Vp - VTp - =
e 4] &
solving for Vi
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For large Vpp = V,, = Voo
1+r

, r=1-> Vu=Vpp/2 equa noise margins

For long channel devices - NMOS and PMOS transistors in saturation
-2 Vu — V1 <Vpsa
(1)> K,V - V5,)2+ K (Vy - Vip +Vpp)? =0

_VTn+r(\/DD +VTp) _ " Kp
V, = , =
1+r K,

For 0.25u CMOS
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Sometimes you don’t want symmetry noise on the Gnd plane
Vou t

Vin | Vout

t

So you adjust (W/L)P/(W/L)N ratio to get nonsymmetric V. But as can be seen from

figure V), does not change alot with the ratio.

Noise Margin

Other than threshold voltage, we are interested in knowing the noise margins.
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linear
approximation
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V Vi -V
> NMH :VDD'VlH =VDD'VM +EM, NML:VIL =VM +%
To find the gain, we need to take into account the channel length modulation otherwise

gan 2>¥



lp=1Ipp+Ipn =0

& VDsatn
KnVDsatng/in B VTn ) >

dVout
dv.
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0 e VDsatp(..j
_5(1*" nVout) + K pVDsatpg\/in “Vb " V1p - +1 p(Vout - Vpp)) =0
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o (V) RN (VW - VTn- VDsatn/2)(I - | )

- Gain is determined by technology parameters especially channel length modulation.

0.25u CMOS

Wo/Wy ratio = 3.4

9 r _ KpVDsatp _ 34, 3, 10-5 , 1 _
KVo., 115°10° 063
1+14
g= 0.63 =-271.2
(1.25- 0.43- 'T)(0.06+1)
-25
Vi Vi =E =0.09, V=V, g
Voo -V
V=V + DDg

Simulation > NMH = 1.05, NML =1.03

- —£=1.25(1+0.036) =1.287
Og

V=12, NMH =V, - V,, =1.212, NML =V, =12

much lower because * the equation for gain overestimate the gain

VOUt

-

*linear approximation

Good PMOS, bad NMOS

Good NMOS, bad PMOS

Not very sensitive to device variation
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Scaling with Supply voltage
Devices work even in subthreshold = Inverter function

Vout A

Vour & <V; 0.2
0.1

0.05

0.5V¥ Vg g~1

Vop > Power  but gatedelay -
- DC characteristic becomes sensitive to device parameter

- More sensitive to external noise

Vopmn ~2—-4kT/q ~0.05-0.1Volts



CMOSInverter — Dynamic Behavior
C_. 2 makeit assmall aspossible

1
N
Has some parasitic capacitance - self-loading effect
\Y Vo
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Self-loading wire loading

Gate-drain capacitance

il

VDD

—=

L

Miller effect

Cyq = gate drain overlap capacitance
2{CGDO(NNIOS) >‘NNMOS + CGDO(PMOS) >VVPMOS}

next gate loading

:chdlz




Drain-Body capacitance ( Diffusion capacitance)
Ceq = KequO

— B fom 1-m 1-m
o= U Vi my 0o Vo) o)

Keg for 0.25 mCMOS

H->L (NMOS) Ke=057 H->L (PMOS) Keg=0.79
Kegsy = 0.61 Keegsw = 0.86

L >H (NMOS) Keq=0.79 H>L (PMOS) Ke=059
Kegew = 0.81 Kegsw = 0.79

Wire Capacitance
can be caculated from the size of interconnects. Tables4.2, 4.3

Gate Capacitance
from fan-out transistors, Cianout= Cgys, Cga
Cran-out = Cgate(NMOS) + Cyare(PMOS)
= (Ceson * Coapon * Wi L 1Co) + (Cosop + Copop WL, Co,)

overlap channel overlap channel

no miller effect since fan-out gate has not become active ( due to delay )

constant channel capacitance

Cap
d  W,L,Cox
2/3W,L,,Coyx

- Pessimistic approximation

\



0.25mCMOS Cap

Minimum size of gate : Wpyios = 3Wnmos

Capacitor Expression H->L (fF) | L=>H (fF)
Cya1 2CGDO0, W, 0.23 0.23
Cyaz 2CGDQ, W, 0.61 0.61 Csaif-load
Cab1 KegnADRCHK eqsnnPDRCISW 0.66 0.90 Cint = 2.8fF
Cab2 K egpADpCHK eqsnpPDpCISW 1.50 1.15
Cys (CGDO0,+CGS0,) W, +Co, W, Ly, 0.76 0.76
Cga (CGDO0,+CGS0,)W,, +Co Wl 2.28 2.28 Co¢ = 3.15fF
Cu extraction 0.12 0.12
C a 6.1 6.0
Propagation Delay
tp > =] =0.69 ReanLH® L taH =0.69 ReanLL® H
3V 7 W e o 0
(I ) Req @Zﬁ(l' 5' VDD) > IDsat =K Té(VDD - VT)VDsat - %B
0.25MCMOS  tryy. = 36pS, oy = 29ps > 1, :w = 325psec

Vin A
25F

1.25f

\

VOUt 4

2.5
tpLH
1.25 1

tpHL

-

- Cqgd feeds forwards the input signal to the output




Effect of Vpp on't,
| =0 -> No channd length modulation

. 3 V5oC
t, =0.69R, *C, =069" b0

K TVDsaté(VDD B VT) B D2t B
Vop- 2 t, =V\?'5i independent of Vpp
_KIVDsat
L
VDD_ 9 tp =
tp A
| =0
Channel length
modulation
2V; Vo

D

Design Technique to Reduce Delay Time
*C.  makedrain pad of PMOS small &> Cy,, dominant

o dominant o

| a—

53 Tt
—[_ —i

*WIL - t,p Rep 1/(W/L) - trade off with C,
*Vpp - dueto channel length modulation



Propagation Delay
PMOS to NMOS device sizeratio 3 ~ 3.5 symmetric operation
-> not necessarily fast response
Case(1)

How to find optimum W,/W, ratio for fastest response
#1 #2,

Vin _dlz Vout _dlz
il T

—II:_ T\' —

C L: (Cdpl + Cdnl) + (Cgpz + anz) + Cw
self - load fan- out
v o
. el g,
PMOS b timeslarger than NMOS b = -
2B ¢
el g,

CL» (denl +Cdn1) + (ngnZ gn2) + C - (b +1)(Cdn1 +an2) + Cw

0.69 R. &
_—(tpHL o) _—((b #1)(Cyy +Cyp) +C )gReqn o
4]
t, =0.345R_ ((b +1)(Cyy +C,p) +C g+_9 (= Rep
P ) eqn dnl gn2 w Y
bg Reqn

tp:0-345Reqn§Cdm+cg +b(Cyy +Cy) +C, +—(cdm+cgn2)+ "c. +r(cdn1+cgn2>a

fit,
‘Hb

\/r(Cdnl + an2 Cw)
opt —

r
=0= Cdnl C F(Cdnl + anz +Cw)

Cv b= Jr notrto get the max speed!

Cdnl + an2



0.25 mCMOS

Rep 31KW
P = =—— =24 > symmetry toy, tan,
Reqn min sizetransistor 13kw

Dopt = Jr =16> optimum point ~ 1.9

tp A
tpHL
\_ tpLH
/
1 Jr r 5 b
Case (11) : assume fixed W,/W, ratio
a =}
—dCsw, G We
S\Np W,
—sw, —L w, oW samexratio
¥-\/—:: \—'\/:J
Cint Cext

Scaling effect on delay time

Co. O Ceot o
tp = OGgReq(Clnt + C@q) = 0-69Reqcint§+

=6l —
Clnt o] Pog Clnt ﬂ
t,o :intrinsic or unloaded delay C,. : miller + diffusion caps only

sizing effect : S

tp = 069§—g(sclm §+ Con

e 0 x 0
= 069K, Gy i+ Cet =t Cu
intref Q intref g

—~>minimum delay or intrinsic delay or unloaded delay does not change with sizing.
>SS Dt Dty

If driver transistors are scaled up, the effect of load (fan-out+C,) transistor will be
masked.



Casell : Chain of Inverters

Lt W f>’1
Cud LljI)) T \

not a good idea

typically minimum size Cint = ¢Cq=Cga*Cuitr
transistor

f =fanrout = Coi/Cy  Co : external load capacitance of gate
C, : input capacitance of gate

& C,0
Lo :tpoé1+ =1t +ig
int & Jo
I>( >_>7 optimum performancewhen C; =,/C; , >xC;,
Cy = geometric mean
Cyit Cy Coiv1

-> optimum performance is achieved when the scaling of each stage is geometric mean of
the stage before and after.

= N}g— =\NF > optimum fan-out f~4, canfind N
gl

f : fan-out of each stage, F : overal effective fan-out
® 0
g N/& 9
C g1 T
pmln = Nt p091+ g N
8 5
example: linedriver for clock signa  Cy=C,=3pF, Cy; » 3fF

[: [: [: CL=Cw=3pF ||
@—_ || 1N

— —

3fF T N




3pF _

4N ===_=1000 > N~5
3fF
Wp, Wn AWp 16Wp 64Wp 256Wp
minimum size 4Wn 16Wn 64Wn 256Wn

3fF ——12fF T 48fF ——192fF ——0.768pF —=3pF
T 21 I I S Il A I

40_
t, =5t oL+ — 2= 25t

min size g Jg
. - ' ”— 3pF > =4
t,=25t 0 T
min size

—‘I>' [> f =31000=315>t, =2" t , &+ 2% 65,

e 1lg

— —
——

—_L—SpF
tp=65tp0

min size

t,=1001t,,, N=1 > t,=1001t,

T
Effect of Rise/Fall timeon inverter delay
t, =ty *h teq G1 G2
——
stagel stage| 1 ‘ > ‘ > )
h =0.25 empirical constant Cy1 ——4c,, —Lc.=16C,
4C, t') & 16C, 4C,, 4C,, g 16C, 6
-tp0§1+ +t, gl —+ht §1+ —-tp0§1+ jl+h)+t §1
o 3 94C: Lo i Lo g 94Cg1 @

Fl>t, =t 51+0.25) +t " 5=10t,,+ 125, =125,

—
duexoxisexall xime



