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Generic Inverter VTC

Voltage Transfer
Characteristic (VTC)
of a typical inverter

Noise Margins

Maximum Minimum
allowable allowable
voltage: voltage:

VOH VOL VIL VOH VIH VOL

Interconnect Interconnect

Noise Noise

Propagation of digital signals under the influence of noise

® Vo - Vourmax When the output level is logic "1
@ Vo, : Vourmin When the output level is logic "0*
@V, :Viywax Which can be interpreted as logic "0*
@V, :Vymn Which can be interpreted as logic "1"




Noise Margins
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Noise Margins

VA
Vaa=Vou
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Noise Margins

Nominal output Vout = f(Vm)

Output under noise Vc,)ut = f(V,, + Avnoise)

n

dav,
Viuw = (Vi) + Wom “AV,,ise + higher order terms (neglected)

in ‘

Perturbed Output = Nominal Output + Gain X External Perturbation

The nominal operating region is defined as the region where the gain is less than unity !

CMOS Inverter Circuit
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CMOS Inverter Circuit
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The NMOS switch transmits the logic 0 level to the output, while the PMOS switch
transmits the logic 1 level to the output, depending on the input signal polarity.

CMOS Inverter Circuit
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CMOS Inverter Circuit

VOUt Vout = (Vin + VTOp)/ n

Vout = (Vin - Von)/n
Vg

out

VOL;max
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CMOS Inverter Circuit

2Vour + Viop — Voo + kg Vios

Vi = (5.62)
determine 1+ kg '
noise
margins
1% =+ "’ Oy +k ° (.2"’.‘m Vi b 5@
Vigg = £22 5V 2R BV £ Fre) (5.67)
1
Vroa + V’k_ -(Vpp + Vro,p)
inversion (switching) Vi = - R (571)
threshold voltage (] + /L
‘V!
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Drain Current (x 0.1 mA)

CMOS Inverter Circuit

nMOS transistor current-voltage characteristics
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Drain Current (x 0.1 mA)
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CMOS Inverter Circuit
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pMOS transistor current-voltage characteristics
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CMOS Inverter C
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(Vw 1°0X) waun) ueiq

Intersection of current-voltage surfaces of nMOS and pMOS transistors
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CMOS Inverter C
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Input Voitage V)

Intersection of current-voltage surfaces gives the VTC in the voltage plane
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CMOS Inverter Circuit
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CMOS Inverter Circuit

How to choose the kg ratio to achieve a desired inversion threshold voltage:

kn (Voo + Viup =V \*
kg = = (M) (5.73)
14
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(5.77)
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Output Voltage (V)

CMOS Inverter Circuit
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19
Supply Voltage Scaling
Vign=10V
Vrgp=-10V
S
= VTC of a CMOS inverter
) for different power supply
2 ~«—— Vpp=50V
5 oo voltage values.
& Vpp=4.0V
)
Vpp=33V
Vpp=2.0V (limitcase)
=Vron+ [Vropl
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Input Voltage (V)
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Dynamic Characteristics
of CMOS Inverter

(WIL)y load
capacitance

Switching speed determined
by the time required to
charge-up or charge-down
the output load capacitance.
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I charge-down

charge-up
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Definition of Delay Times
Vin
N
toHL toLH The propagation delay times
Von- are defined as the time delay
Y between the 50% crossing of
50% the input and the
VoL — corresponding 50% crossing of
>t the output.
Vout
4 The rise time and the fall time
of the output signal are defined
Voo as the time required for the
Vso9 voltage to change from its 10%
V10% level to its 90% level (or vice
‘__"tf L'tr versa).
> t
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Calculation of Propagation Delays

Vin The falling output propagation delay is
toHL determined by the NMOS transistor, which
Vo — starts pulling down the output node first in
Vo saturation, and later, in linear mode.
VoL
t
Vou! Vdd Vf‘
Vou o
Veos
sz;: in out out
Viow } cL c
v [ L I L
S4t Li
| 4 ik t Vss Vss Vss Vss
totit
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Calculation of Propagation Delays
Vj[‘ The rising output propagation delay is
toLH determined by the PMOS transistor, which
Von ] starts pulling up the output node first in
Vso% saturation, and later, in linear mode.
VoL
> t
Vout
1 Vad Vad
V90%
Vso%
V\}(g/ﬁ - in T out To out
Sat Lin cL }- c
t
t(;t1 t I I
Vss VSS VSS VSS
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Calculation of Propagation Delays

Vin
toHL
—
Vo] t =t —t
v PHL:sat 1 0
50%
Vou tpHL:/in = t2 - tl
t = = —
v} lpHL - tpHL:snl + tpHL:lm - t2 [0
v dd
out
Von \
Voo in out dv av
o i=C,—edi=C, "
o 1 dt l
Sat Lin . Ve, Ve,

oty

The time required by the NMOS transistor in saturation and in linear region
can be calculated separately.
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Calculation of Propagation Delays

o= 2nC,V,,,
ssat
g ﬂn(VOH _an)z

¢ — nCL h{ 4Vor =Vron) _ lj
PpHL:lin
ﬂn (VOH I/TOrl) VOL + VOH

o = nC, Vo +ln[4(VOH —Vrow) _1J
HL;lin
g ﬂu (VOH a an) Vor =V VDL + VOH

0. Ton

tpHL = tpHL;sm
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Calculation of Propagation Delays

Vin
tpLH
—
Vor (o =11
Voo, ‘pLH;sat — °1 0
VoL tpLH;Iin =1, -1
t
[pLH = tpLH:sal + [pLH;Iin = ’2 _’0
Voul
Vad
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VoL .
in out
o . av av
Sat Lin ¢, iI=C,—<odi=C,—
toty t; ' I df ‘
1t
VSS VSS

The time required by the PMOS transistor in saturation and in linear region
can be calculated separately.
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Calculation of Propagation Delays

; 3 2nC,V;,,

pLH sat — 9
ﬂp(Vdd _VOL _VTOp)

{ _ I’ICL ln[ 4(Vdd _VOL _VTOp) _IJ

pLH lin
ﬂp(Vdd _VOL _Vrop) 2Vrld _Vo _VOH
tpLH = tpLH;saf + tpLH;[iﬂ
_ ”lCL |: 2VT0p i 111[ 4(1/:14 - VOL - VTOp) _ 1Ji|

pr(Vdd _VOL _VTOp) Va’d - VOL - VTOp 2Vda’ _VOL _VOH
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Calculation of Propagation Delays

nC 2V 4, -V,
tpHL — L |: IO0n + ln[ ( OH TOH) _ 1ji|
ﬂn (Vo - Vro;;) Vo - VTOn VOL + VOH

p _ i’ICL 2VT0p I ln[ 4(Vdd B VOL B VTO[)) _ lj
pet ﬂp (Vdd - VOL - VTOp) Vdd - VOL - VTOp ZVdd - VOL - VOH

Summary:

The propagation delay times are proportional to the load capacitance,

and inversely proportional to the pull-up (or pull-down) transconductance.
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Influence of Nonzero Input Rise/Fall Time
Vin Vin
A
toHL,idéal  tpLH,idéal toHL réel toLH reel
Von- Vo
Vo9 Vso%
VOL Vio% _1(_' ‘_J_—
t i i t
Vout Vout
3
Von- Von-
Vo9 Vso%
VoL — VoL
t t
2 2
t t
_ .2 . _ 42 f
? pHL réel — { PHL idéal +(5’j { pLH réel — ! pLH idéal "{?J
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Components of the Output Load Capacitance

Vdd

in

out
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Increasing the Switching Speed

* Need to increase the amount of charge-up and
charge-down current that switches the output.

* Increase the transistor (W/L) ratios both in the
pull-up path and in the pull-down path.

* However: increasing transistor dimensions will
influence the parasitic MOSFET capacitances.

» The switching speed of a classical CMOS gate
is ultimately limited by its intrinsic delay.

32
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SOURCE

— W, J pmos Drain parasitics are mainly
V/% /// responsible for the intrinsic
/%%% D.,.-, gate delay.
B
Input 7 ?/MW?// 77777 " Output Cload = ng,n(Wn) =k ng.p(wp)
s
%’””””/A/ Dyrain =+ Cdb‘n(Wn) = Cdb,p( Wp)
|
e | 2, + G
SOURCE = f( Wn- Wp)

| ] oo |

A closer look at the typical CMOS inverter
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Parasitic Capacitance Components

Drain parasitics:
Cdb,n =W, DdraianO.n Keq‘n = 2( Wn S Ddrain)cjsw.n Keq,n
Cdb,p = WderaianO,pKeq,p s 2( Wp -+ Ddrain)cjsw,pKeq,p

Total capacitive load:

Croad = (WnCjonKegn + WyCio,pKeg, p) Darain
+ 2(Wy + Darain)CjswnKeg,n
+ 2(Wp + Darain)Cjsw,pKeq, p
+ Cint + C;

34

17



Parasitic Capacitance Components

Cload = g + oy W, + Xp Wp

Qo = 2Ddrain(cjsw,n Keq,n + stw,pKeq,p) . Cint + Cg
ap = Keq,n(CjO,nDdrain + 2stw,n)
ap = Keq,p(CjO,derain + 2stw,p)
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Propagation Delays

TPHL = (Olo+(1,,W,,+oszp) X ( L, )
rising input Wa #nCox(Vpp — Vr 1)
falling output 2Vr ; 4(Vop — Vin)
5 [VDD —\%pe - n( Vpp & 1)]
i ((xo+a,,W,,+a,,W,,) y ( Lo )
falling input W, #pCox(Vpp — | V1,51

rising output

o [ 2|Vr,pl +1n (4(VDD —VrpD) 1)]

Vbop — |V pl Vop
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Propagation Delays

falling output W,
ao + (a” + )W
—+a
falling input ot =T 0 R i
rising output P W,

Notice that with increasing transistor width W
and Wp, both delays asymptotically approach

fixed limit values, independent of external
loads.
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Propagation Delays

Ln n T
Iy = ( ) x [ 2 +1In (4(VDD Vi) 1
#nCox(Vpp — V1,1) Vop — Vrou

Vbp

L 2|V —
sz( p )x[ 21V, +ln(4(vnn Weol)
1pCox(Vpp — |V, p]) Vob — | Vr,pl Voo

Intrinsic delay limits will decrease for

» Smaller gate length L
* Larger u and C,

But for a given technology, the limits are fixed.
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Improving propagation delay times by transistor sizing

4.0

Voltage (V)

—o— Out (W, =2.0um) |
—t— Out (W, =32um) ]
—o— Out (W,=6.0um)
—%— Out (W,=10um) |
—e— Out (W, =20um)

20 4.0

Time (ns)

8.0

39

Improving propagation delay times by transistor sizing

Delay

intrinsic delay
limit value

large
fanout

/ load

gate delays
ultimately
converge to
limit value for
large W/L!

Channel Width
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CMOS Inverter Layout
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41

CMOS Inverter Layout

Input

Mask layout
of the inverter

u p-type

n-type
GND diffusion Output

Simplified
cross-section

p-type substrate
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