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CMOQOS Inverter:
Steady State Response
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CMOS Properties

 Full rail-to-rail swing = high noise margins
— Logic levels not dependent upon the relative device sizes =
transistors can be minimum size = ratioless

* Always a path to V44 or GND in steady state = low
output impedance (output resistance in kQ range) =
large fan-out (albeit with degraded performance)

« Extremely high input resistance (gate of MOS transistor
is near perfect insulator) = nearly zero steady-state
input current

* No direct path steady-state between power and ground
= no static power dissipation

* Propagation delay function of load capacitance and
resistance of transistors

9/11/2006 VLSI Design I; A. Milenkovic

*VLSI Design I; A. Milenkovic



Short Channel |-V Plot (NMOS)
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Linear dependence
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VDS (V)

NMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, Vpp = 2.5V, V; = 0.4V

9/11/2006 VLSI Design I; A. Milenkovic 5

Short Channel I-V Plot (PMOS)

 All polarities of all voltages and currents are reversed

-2 Vos (V) 1 0
| | | | | 0
Vs = -1.0V 102
Vg = -1.5V 704 =
s
106~
Vg = -2.0V
108
Ve = -2.5V |
'1X 10

PMOS transistor, 0.25um, L, = 0.25um, W/L = 1.5, V, = 2.5V, V; = -0.4V
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NMOS Operation
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Cutoff Linear Saturated
Vgsn < Vgsn > Vgsn >
V.. <
dsn Vdsn >
Voo
Vi 4ﬁ ﬁIdSp Vout
v
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NMQOS Operation
Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th
Vi <V,.,— V
dsn gsn n Vdsn > Vgsn - th
Voo
A,
Vin 4ﬁ L Vout
v
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NMOS Operation

Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th
Vdsn < Vgsn - Vm Vdsn > Vgsn - th
VDD
V. =V
Vdsn Vout
v
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NMQOS Operation
Cutoff Linear Saturated
Vgsn < th Vgsn > th Vgsn > th
Vdsn < Vgsn - th Vdsn > Vgsn - th
VDD
Vgsn = Vm ﬁldsp
Vin Vout
Vdsn VOut
v
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pMQOS Operation
Cutoff Linear Saturated
Vasp > Vasp < Vasp <

Vdsp > Vdsp <

Voo
Vi, ﬂ ﬁ = Vou
%ldsn
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pMQOS Operation

Cutoff Linear Saturated

VQSP > th VQSP < th VQSP < th

Vdsp > Vgsp - th Vdsp < Vgsp - Vt
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pMQOS Operation
Cutoff Linear Saturated
Vgsr) > th Vgsr) < th Vgsr) < th
VdSp > Vgsn - th VdSp < Vgsn - th
VDD
=V. - <
zgsp zm Voo th 0 Vin ﬂ i |dsp Vout
S = -V
dsp out” VDD ¢|dsn
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pMQOS Operation
Cutoff Linear Saturated
Vgsp > th Vgsp < th Vgsp < th
Vin > VDD + th Vin < VDD + th Vin < VDD + th
VdSp > Vger - th VdSp < Vger - th
Vout > Vin - th Vout < Vin - th
VDD
Vgsp = Vin - VDD th <0 ﬁld
— Vin * Vout
Vdsp - Vout - VDD ¢Idsn
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-V Characteristics

« Make pMOS is wider than nMOS such that B, = 3,

Vgsns
“M T Vgsn4
V
gsn3
_Vdsp B
-V gsn2
VgSpl - gsnl
Vgspz 0 > Voo
Vgsp3 \/’U\
Vgsp4 i —Idsp
VgspS
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Current vs. Vg, Viq
VinO . Vm5
|, : || | T Vinl B Vn14
dsn’ 'dsp
Vin2 in3
Vin3 VmZ
Vin4 V\nl
\V/ Voo
out
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Load Line Analysis

VinO
ldsn’ |IdsplT
VmO
> V
Vout po
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Load Line Analysis
eV, =0.2Vpp
V.
l(lsn’ “dsplT nt
vml
> V
Vout po
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Load Line Analysis

* V,,=0.4Vpy

ldsn’ |IdsplT
Vi

n2
\ va
N
—>
VDD
out
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Load Line Analysis
e V,, = 0.6V
l(lsn’ “dsplT
Vm3
Vin3 .
> V
Vout po
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Load Line Analysis

* Vin=0.8Vpp

V
ldsn’ |IdsplT - e

Vin4
> V
Vout bp
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Load Line Analysis
* Vin=Vpp
VinO — va
V.
l(lsn’ “dsplT nt
in2
Vin3
Vin4
> V
Vout po
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Load Line Summary
VinO . VmB
l(lsn’ lIdSPlT Vinl B Vm4
in2 VmS
Vin3 . Nvlw
Vin4 le
VDD
out
9/11/2006 VLSI Design I; A. Milenkovic 23
DC Transfer Curve
« Transcribe points onto V,, vs. V  plot
V\nO ——— VHL VD
A B
Vi Vina VoutT -
Vm2 Vuf‘
Vm3 VH? D
V\n4 N Vu, 0 E
_> VDD V‘ VDD/2 DD+Vm VDD
out Vm
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CMOS Inverter Load Lines

PMOS X 104 NMOS
25

lon (A)

0.25um, W/L,, = 1.5, W/L, = 4.5, Vpp, = 2.5V, Vq, = 0.4V, Vi, = -0.4V
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CMOS Inverter VTC

VOU'( (V)

0 I I I | |
0 05 1 15 2 25

Vin (V)
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Operating Regions

* Reuvisit transistor operating regions

Region |[nMOS |pMOS Vo R
A
Vv,
B outT c
C
D i D .
Vi, VDDIZ VotV P
E VDD
Vm
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CMOS Inverter VTC
NMOS off
PMOS res
NMOS sat
PMOS res
Va
< 15 NMOS sat
~ PMOS sat
=]
> 4
NMOS
a5 PMOS ;: NMOS res
PMOS off
O-I T T
0 (03] 1 15 2 25
Vin (V)
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Beta Ratio

* If B,/ B, = 1, switching point will move from Vpp/2
» Called skewed gate
» Other gates: collapse into equivalent inverter

Voo BN ——

Vout T \
\

\ - 0.5
A L\ \\‘
o e
Ti: Voo
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Noise Margins
 How much noise can a gate input see before it
does not recognize the input?
Output Characteristicsv Input Characteristics
Logical High = . .
Output Rangei Vo Logical High
NM, Input Range
Vin Indeterminate
A Region
ﬂML Logical Low
Logical L. V
o‘:ﬁ;i Rg\:]vgei oL Ilnput Range
GND
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Logic Levels

» To maximize noise margins, select logic levels at

V,

DD |
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Logic Levels

» To maximize noise margins, select logic levels at
— unity gain point of DC transfer characteristic

VOLI[

v | Unity Gain Points

oD \ Slope =-1
VOH

BBy > 1
wﬂgm

V

OLO T R T Vin

Vin Vie Vi \Il\zzl- Voo
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CMOS Inverter:
Switch Model of Dynamic Behavior

Voo Voo

R, <
— T Vo T Ve
TG L&
<= R, =
0
V,,=0 Vin=Vop
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CMOQOS Inverter:
Switch Model of Dynamic Behavior

Voo Yoo

V,,=0 Vin=Vop

Gate response time is determined by the time to charge C, through
R, (discharge C, through R,)
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Relative Transistor Sizing

* When designing static CMOS circuits,
balance the driving strengths of the
transistors by making the PMOS section
wider than the NMOS section to

— maximize the noise margins and
— obtain symmetrical characteristics

9/11/2006 VLSI Design I; A. Milenkovic 35

Switching Threshold

* VywhereV, =V, (both PMOS and NMOS in
saturation since Vpg = Vg)
Vi = 'Vpp/(1 + 1) where 1 = K,Vpgarp/KVpsatn
» Switching threshold set by the ratio r, which compares
the relative driving strengths of the PMOS and NMOS
transistors

« Want V,, = Vpp/2 (to have comparable high and low
noise margins), sowantr = 1

(WiL), _ Kn'Vosatn(Vu-V1n-Vosatn/2)
(WIL), kp’VDSATp(VDD_VM+VTp+VDSATp/ 2)
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Switch Threshold Example

* In our generic 0.25 micron CMOS process, using the

process parameters from slide L03.25, a Vp, = 2.5V, and a

minimum size NMOS device ((W/L), of 1.5)

Vio(V) | 7(VO9) | Vpsar(V) | K(AV?) AV
NMOS 0.43 0.4 0.63 115 x 106 0.06
PMOS -04 -04 -1 -30 x 10 -0.1
(WL, _
(WIL),
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Switch Threshold Example

* In our generic 0.25 micron CMOS process, using the
process parameters, a Vpp = 2.5V, and a minimum size
NMOS device ((W/L), of 1.5)

Vi) | v(V*9) | Vosar™) | KAV | AVY
NMOS | 0.43 0.4 0.63 | 115x10° | 0.06
PMOS -0.4 -0.4 -1 -30x10¢ | -0.1

(W/L), 115x 10 0.63 (1 25— 0.43 — 0.63/2)

=35
(WIL), -30x 10- 510 (125-04-1002)
(WIL), = 35x 1.5 = 5.25 for a V,, of 1.25V
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Simulated Inverter V,,

*VLSI Design I; A.

157 a V), is relatively
n insensitive to variations in
device ratio
131 e setting the ratio to 3, 2.5
12+ and 2 gives V,,’s of 1.22V,
S 1.18V, and 1.13V
~ L
Z a Increasing the width of
09+ the PMOS moves V,,
" ‘ ~ towards Vpp
0.1 1 3.4 10 _ _
(WIL)/(WIL), a Increasing the width of
the NMOS moves V,,
Note: x-axis is semilog toward GND
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Noise Margins Determining V,, and V,
By definition, V,, and V,_are
3 where dV,/dV,, = -1 (= gain)
Von = Vop |
2] NMy, = Vpp - Viy
>§ Vu
1 Approximating:
Vii=Vu - Vu/g
Vie=Vu + (Vop - Vu)/g
V, = GND] T N\ 1 A . A .
> Wy So high gain in the transition
A piece-wise linear region is very desirable
approximation of VTC
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CMOS Inverter VTC from Simulation

0.25um, (W/L)/(WIL), = 3.4
(WI/L),, = 1.5 (min size)
Vpp = 2.5V

Vy, ~1.25V, g =-275
V, =1.2V,V,, =13V

NM, = NM, = 1.2
(actual values are

0 05

1

Vin (V)

15

— V, =1.03V, V,, = 1.45V

g5 NM,_= 1,03V & NM, = 1.05V)

Output resistance
low-output = 2.4kQ

9/11/2006

high-nutput = 3.3kQ
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Gain Determinates

Gain is a strong function of the
slopes of the currents in the
saturation region, for V,, = V,

g~ __________________________________

Determined by technology
parameters, especially channel
length modulation (1). Only
designer influence through
supply voltage and V, (transistor
sizing).

9/11/2006
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Impact of Process Variation on VTC Curve

2.9 1

2 Good PMOS
Bad NMOS
<~ 15
<
3 11 Nominal

> 0.5 Bad PMOS«—
"~ Good NMOS

0 I I I | |

Vin (V)

process variations (mostly) cause a shift in the switching threshold
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Scaling the Supply Voltage

251 0.2 -
21 0.15
S
—~ 15 ~
b 2 01
= >
> |
0.05 -
051
G . . . ;
01 0 0.05 0.1 0.15 0.2
0 05 V. 1(V) 15 2 V., (V)
n .
Device threshold voltages are Device thrg shold voltages are
kept (virtually) constant kept (virtually) constant
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