
VLSI Design and SimulationVLSI Design and Simulation

Lecture Lecture 33

CMOS InvertersCMOS Inverters



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 3

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

TopicsTopics

•• Inverter VTCInverter VTC

•• Noise MarginNoise Margin

•• Static Load InvertersStatic Load Inverters



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 3

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

CMOS InverterCMOS Inverter
First-Order DC AnalysisFirst-Order DC Analysis

VOL = 0
VOH = VDD

VDD VDD

Vout
Vout

Rn

Rp

Vin=0 Vin= VDD
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CMOS Inverter: Transient ResponseCMOS Inverter: Transient Response

tpHL = f(Ron.CL)

= 0.69 RonCL

Vout
Vout

Rn

Rp

VDDVDD

Vin=0
(a) Low-to-high (b) High-to-low

CL
CL

Vin= VDD



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 3

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

PMOS Load LinesPMOS Load Lines

VDSp

IDp

VGSp=-2.5

VGSp=-1
VDSp

IDn
Vin=0

Vin=1.5

Vout

IDn
Vin=0

Vin=1.5

Vin = VDD+VGSp
IDn = - IDp

Vout = VDD+VDSp

Vout

IDn
Vin = VDD+VGSp
IDn = - IDp

Vout = VDD +VDSp
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CMOS Inverter LoadCMOS Inverter Load
CharacteristicsCharacteristics

IDn

Vout

Vin = 2.5

Vin = 2

Vin = 1.5

Vin = 0

Vin = 0.5

Vin = 1

NMOS

Vin = 0

Vin = 0.5

Vin = 1Vin = 1.5

Vin = 2

Vin = 2.5

Vin = 1Vin = 1.5

PMOS



ECE 249 VLSI Design and Simulation

Spring 2005

Lecture 3

© John A. Chandy

Dept. of Electrical and Computer Engineering

University of Connecticut

CMOS Inverter VTCCMOS Inverter VTC

Vout

Vin0.5 1 1.5 2 2.5

0.
5

1

1.
5

2

2.
5

NMOS res
PMOS off

NMOS sat
PMOS sat

NMOS off
PMOS res

NMOS sat
PMOS res

NMOS res
PMOS sat
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vtn

nMOS cutoff

pMOS linear
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vout -VtpVtn

nMOS saturation

pMOS linear
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CMOS Inverter VTCCMOS Inverter VTC
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2
−
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Vin −Vtn( )2
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•• Set Set pMOS pMOS Linear ILinear IDS DS equal toequal to nMOS nMOS
Saturation ISaturation IDSDS
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CMOS Inverter VTCCMOS Inverter VTC
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•• Short channel modelShort channel model
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vout -Vtp

Vtn

nMOS saturation

pMOS saturation

Vout -Vtn
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vout -Vtp

Vtn

nMOS linear

pMOS saturation

Vout -Vtn

VDD-Vtp
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CMOS Inverter VTCCMOS Inverter VTC
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•• Set Set nMOS nMOS Linear ILinear IDS DS equal toequal to pMOS pMOS
Saturation ISaturation IDSDS
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CMOS Inverter VTCCMOS Inverter VTC
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•• Short channel modelShort channel model
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vout -Vtp

Vtn

nMOS linear

pMOS cutoff

Vout -Vtn

VDD-Vtp

VDD
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vtn VDD-Vtp

VDD
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CMOS InverterCMOS Inverter

LinearLinearCutoffCutoff
VVin in > V> VDDDD--VVtt

LinearLinearSaturationSaturation
VVoutout++VVtt<<VVinin<V<VDDDD--VVtt

InterpolateInterpolateSaturationSaturationSaturationSaturationVVoutout--VVtt<<VVinin<<VVoutout++VVtt

SaturationSaturationLinearLinearVVtt  <<VVin in < < VVout out --VVtt

CutoffCutoffLinearLinearVVin in <<VVtt

VVoutout
nMOSnMOS
modemode

pMOSpMOS
modemode

VVinin

€ 

Vin +Vt( ) + Vin −VDD +Vt( )2 − Vin −Vt( )2

€ 

Vin −Vt( ) − Vin −Vt( )2 − Vin −VDD +Vt( )2

€ 

VDD

€ 

0
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Switching ThresholdSwitching Threshold
•• The point at which the inverter has bothThe point at which the inverter has both

transistors in saturationtransistors in saturation

€ 

kn
2
VM −Vtn( )2 = −

kp
2
VM −VDD −Vtp( )

2

VM −Vtn( ) = −
−kp
kn

VM −VDD −Vtp( )

VM 1+ r( ) =Vtn + r VDD +Vtp( )

VM =
Vtn + r VDD +Vtp( )

1+ r
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Switching ThresholdSwitching Threshold

€ 

VM =
r VDD +Vtp( ) +Vtn

1+ r

•• When When VVtntn=-=-VVtptp  and r=1,and r=1,

€ 

VM =
VDD

2

•• In switching region, the curve is actuallyIn switching region, the curve is actually
vertical; vertical; VVoutout  can have multiple valuescan have multiple values
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CMOS Inverter VTCCMOS Inverter VTC

Vin

Vout

VDD

Vtn
VM VDD-Vtp

VDD

VM -Vtp

VM -Vtp
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Switching ThresholdSwitching Threshold
•• With short-channel devicesWith short-channel devices
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Noise MarginNoise Margin

•• A measure of the acceptable noise at aA measure of the acceptable noise at a
gate input so that the output is notgate input so that the output is not
affected.affected.

Noise Noise
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Noise BudgetNoise Budget

•• Allocates gross noise margin to expectedAllocates gross noise margin to expected
sources of noisesources of noise

•• Sources: supply noise, cross talk,Sources: supply noise, cross talk,
interference, offsetinterference, offset

•• Differentiate between fixed andDifferentiate between fixed and
proportional noise sourcesproportional noise sources
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Key Reliability PropertiesKey Reliability Properties

•• Absolute noise margin values are deceptiveAbsolute noise margin values are deceptive

–– a floating node is more easily disturbed than aa floating node is more easily disturbed than a
node driven by a low impedance (in terms ofnode driven by a low impedance (in terms of
voltage)voltage)

•• Noise immunity is the more important metric Noise immunity is the more important metric ––  thethe
capability to suppress noise sourcescapability to suppress noise sources

••  Key metrics: Noise transfer functions, Output Key metrics: Noise transfer functions, Output
impedance of the driver and input impedance of theimpedance of the driver and input impedance of the
receiver;receiver;
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Noise Noise MarginsMargins

VDD

VSS

VOHmin

VOLmax

VILmax

VIHmin

NMH

NML
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Noise MarginsNoise Margins

Vin

Vout

VDD

VDD

Vsth

•Obvious choice

•Set VIH=VIL =VM

•No noise margin

•High gain at VIH and VIL

•Any perturbations could
cause incorrect values

VOH?
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Noise MarginsNoise Margins

Vin

Vout

VDD

VDD-Vtp

VDD

Vtn

•Set VIL = Vtn and
VIH = VDD -Vtp

•VOL = 0 and
VOH = VDD

•Too restrictive
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Noise MarginsNoise Margins

•Voltage Transfer Function

€ 

Vout = f Vin + ΔVnoise( )

Vout ≈ f Vin( ) +
dVout

dVin

ΔVnoise

€ 

Vout = f Vin( )

•Voltage Transfer Function with Noise

•Perturbed voltage is the sum of the nominal output plus
the gain times the noise

•Keep the gain less than 1
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Noise MarginsNoise Margins

Vin

Vout

VOH

VDD

VIL VIH

VOL
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Noise MarginsNoise Margins

•• Setting the derivative to -1 and solvingSetting the derivative to -1 and solving

•• AssumingAssuming

€ 

VIH =VM +VM

VM −VTn −VDSATn 2( ) λn − λp( )
1+ r

VIL =VM − VDD −VM( )
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1+ r

€ 

VIH =
VDD

2
1+

VDD

2
−VT −

VDSAT

2
 

 
 

 

 
 
λn − λp( )
2

 

 
 
 

 

 
 
 

VIL =
VDD

2
1− VDD

2
−VT −

VDSAT

2
 

 
 

 

 
 
λn − λp( )
2

 

 
 
 

 

 
 
 

€ 

r =1,VTn = −VTp,VDSATn = −VDSATp
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Noise MarginsNoise Margins

Vin

Vout

4.4

VDD

2.125 2.875

0.5

•VDD = 5 V

•Vt = 0.5 V

•VDSAT=1.0V
•λ=0.1
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VDD

VIN

VOUT

Static Load InverterStatic Load Inverter
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Static Load InverterStatic Load Inverter

Vin

Vout

Vt

VDD

VDD

VIN

VOUT
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Static Load InverterStatic Load Inverter

•• Transistor is in saturationTransistor is in saturation

€ 

IDS = kn
VGS −VT( )2

2
1+ λVDS( )

VOUT =VDD − Rkn
VIN −VT( )2

2
1+ λVOUT( )

VOUT =
2VDD − Rkn VIN −VT( )2

2 + λRkn VIN −VT( )2

VDD

VIN

VOUT
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Static Load InverterStatic Load Inverter

Vin

Vout
VDD

VIN

VOUT

Vt

VDD
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Static Load InverterStatic Load Inverter

•• Transistor is in linear regionTransistor is in linear region

€ 

IDS = kn VGS −VT( )VDS −
VDS

2

2
 

 
 

 

 
 

VOUT =VDD − Rkn VIN −VT( )VOUT −
VOUT

2

2
 

 
 

 

 
 

Rkn
2
VOUT

2 − Rkn VIN −VT( ) +1( )VOUT +VDD = 0

VOUT = VIN −VT( ) +
1
Rkn

− VIN −VT( ) +
1
Rkn
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 
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2

− 2VDD

Rkn

VDD

VIN

VOUT
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Static Load InverterStatic Load Inverter

Vin

Vout
VDD

VIN

VOUT

Vt

VDD

VDD
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Static Load InverterStatic Load Inverter

Vin

Vout

Vt

VDD

VDD

•Noise Margin

€ 

VIL =VT +
1
knR

VIH =VT +
8
3
VDD

knR
−
1
knR
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Static Load InverterStatic Load Inverter

•• Does not go down all the way to 0Does not go down all the way to 0

•• Noise margins are tighterNoise margins are tighter

•• Switching threshold is not centeredSwitching threshold is not centered

•• To get high gain in the transition region,To get high gain in the transition region,
you need bigger resistorsyou need bigger resistors
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HomeworkHomework

•• Due February 3rdDue February 3rd

•• Read Chapter 2Read Chapter 2


