
A General Inverter
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VOH: Output High Voltage: VOH = vOUT(0)
VOL: Output Low Voltage: VOL = vOUT(VDD)
VIL:  Input Low Voltage:  1st point where vOUT’(vIN) = -1
VIH:  Input High Voltage:  2nd point where vOUT’(vIN) = -1 
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VIL and VIH can also be interpreted as values of  vIN that define the edges of  
the transition region, vOUT’(vIN) crosses -1.
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Implementation
NMOS Inverter
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Cutoff
vIN < Vtn
vOUT = VDD

Saturation
vOUT > vIN-Vtn
vOUT = VDD-0.5RDkn(vIN-Vtn)2

Triode (small vSD)
vOUT < vIN-Vtn
vOUT = VDD/(1+RDkn(vIN – Vtn))

Parameters
VOH = vOUT(0) = VDD
VOL = vOUT(VDD)
vOUT’(VIL) = -1
vOUT’(VIH) = -1 
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Cutoff
vIN < Vtn
vOUT = VDD

Saturation
vOUT > vIN-Vtn
vOUT = VDD-0.5RDkn(vIN-Vtn) 2

Triode (small vSD)
vOUT < vIN-Vtn
vOUT = VDD/(1+RDkn(vIN – Vtn))

Parameters
VOH = vOUT(0) = VDD
VOL = vOUT(VDD) = VDD/(1+RDkn(VDD-Vtn))
vOUT’(VIL) = -RDkn(VIL-Vtn) = -1;  VIL = (1/RDkn) + Vtn
vOUT’(VIH) = -1; Triode (small vDS) is not applicable 
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Triode (small vSD)
vOUT > vIN+|Vtp|
vOUT = RDkp(VDD-vIN-|Vtp|)(VDD-vOUT)
vOUT = VDD/(1+1/(RDkp(VDD-vIN-|Vtp|))

Saturation
vOUT < vIN+|Vtp|
vOUT = 0.5RDkp((VDD-|Vtp|)-vIN)2

vOUT = 0.5RDkp(vIN-(VDD-|Vtp|))2

Cutoff
vIN > VDD-|Vtp|
vOUT = 0
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VIN:  0                VDD
PMOS: Triode Triode  Saturation Saturation Cutoff
NMOS: Cutoff Saturation Saturation Triode  Triode

QN

QP

*devices are matched.
*VDD > 2Vt
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VIN:  0                VDD
PMOS: Triode Triode  Saturation Saturation Cutoff
NMOS: Cutoff Saturation Saturation Triode  Triode

Cutoff
iD = 0
Triode
iD = kn(vGS – Vtn – 0.5vDS)vDS
vGS = vIN
vDS = vOUT = 0

vSG < |Vtp|
VDD – vIN < |Vtp|
vIN > VDD – |Vtp|

vGS > Vtn
vIN > Vtn
vDS < vGS – Vtn
vOUT < vIN – Vtn
0 < vIN – Vtn
vIN > Vtn
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VIN:  0                VDD
PMOS: Triode Triode  Saturation Saturation Cutoff
NMOS: Cutoff Saturation Saturation Triode  Triode

Cutoff
iD = 0
Triode
iD = kp(vSG – |Vtp| – 0.5vSD)vSD
vSG = VDD – vIN
vSD = VDD – vOUT = 0
vOUT = VDD

vGS < Vtn
vIN < Vtn

vSG > Vtn
VDD – vIN > |Vtp|
vIN < VDD – |Vtp|

vSD < vSG – |Vtp|
VDD - vOUT < VDD - vIN – |Vtp|
0 < VDD – vIN – |Vtp|
vIN < VDD – |Vtp|
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CMOS Inverter

VIN:  0                VDD
PMOS: Triode Triode  Saturation Saturation Cutoff
NMOS: Cutoff Saturation Saturation Triode  Triode

Saturation
vOUT > vIN-Vtn
iD = 0.5kn(vGS – Vtn)2

iD = 0.5kP(vSG – |Vtp|)2

0.5kn(vGS – Vtn)2 = 0.5kP(vSG – |Vtp|)2

(vGS) = (vSG)
vIN = VDD – vIN
vIN = VDD/2

vGS > Vtn vIN > Vtn
vSG > |Vtp| vIN < VDD – |Vtp|

vDS > vGS – Vtn
vOUT > vIN – Vtn  vOUT > VDD/2 – Vtn
    vOUT < VDD/2 + Vtn
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As Vt approaches VDD/2 the 
transfer function resembles 
an ideal inverter.

Not really vertical, we did 
not include λ, VA, ro.
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Parameters
VOH = VDD
VOL = 0
vIH = ?
VIL = ?
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VDD/2–Vt

Parameters
VOH = VDD
VOL = 0
vIH = (5VDD–2Vt)/8
VIL = (3VDD+2Vt)/8
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VIN:  0                VDD
PMOS: Triode Triode  Saturation Saturation Cutoff
NMOS: Cutoff Saturation Saturation Triode  Triode

vIN
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vOUT

VDD/2

VDD/2

VDD/2+Vt

VDD/2–Vt

Parameters
VOH = VDD
VOL = 0
vIH = (5VDD–2Vt)/8 NMH = NML = NM = (3VDD+2Vt)/8
VIL = (3VDD+2Vt)/8
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