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and, or, xor, …     latch, FF, Memory
*Output transitions with  *Output Transitions with
inputs.       a clock or S/R.
         *Holds its value.

Logic Design

Performance (speed, power, size)



The Ideal Inverter
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vOUT = VDD  at  vIN = 0
vOUT = 0   at  vIN = VDD

But what about between 0 and VDD?
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vOUT = VDD  for  vIN < VDD/2
vOUT = 0   for  vIN > VDD/2

At VDD/2 it is either VDD, 0, or undefined.



A General Inverter
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Observations:
• vOUT doesn’t necessarily equal VDD at vIN=0.
• vOUT doesn’t necessarily equal 0 at vIN=VDD.
• There is a transition region in between.
• The slope, vOUT’(vIN), is always negative.
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VDDRegions:
i. vIN is LOW and vOUT is HIGH.

|vOUT’(vIN)| < 1, magnitude of  slope is less than one.

ii. Transition Region (Stay out for Logic Applications).
|vOUT’(vIN)| > 1, magnitude of  slope is greater than one.

iii. vIN is HIGH and vOUT is LOW.
|vOUT’(vIN)| < 1, magnitude of  slope is less than one.

i.  ii.    iii.



A General Inverter
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VDDParameters
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 

i.  ii.    iii.

VOH

VOL

VIL VIH

VIL and VIH are interpreted as values of  vIN that define the edges of  the 
transition region, vOUT’(vIN) crosses -1.



As long as the input is at least 2.0V, the input is registered high and the output will be low 
with a voltage that is at most 0.4V. (vIN > 2.0, vOUT < 0.4)

As long as the input is at most 0.8V, the input is registered low and the output will be high 
with a voltage that is at least 2.4V. (vIN < 0.8, vOUT > 2.4)

Why are these values important?

https://www.ti.com/lit/ds/symlink/sn74ahcu04-ep.pdf?ts=1679658099795



As long as the input is at least 2.0V, the input is registered high and the output will be low 
with a voltage that is at most 0.4V. (vIN > 2.0, vOUT < 0.4)

As long as the input is at most 0.8V, the input is registered low and the output will be high 
with a voltage that is at least 2.4V. (vIN < 0.8, vOUT > 2.4)
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What if  VOH was actually 1.8V?
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As long as the input is at least 2.0V, the input is registered high and the output will be low 
with a voltage that is at most 0.4V. (vIN > 2.0, vOUT < 0.4)

As long as the input is at most 0.8V, the input is registered low and the output will be high 
with a voltage that is at least 2.4V. (vIN < 0.8, vOUT > 2.4)

Why are these values important? 
What if  VOH was actually 1.8V?
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NOISE: vN

NOISE MARGIN: The maximum magnitude of  noise that 
the circuit can tolerate to ensure vIN2 stays out of  the 
transition region.

 NML: when vIN1 is the ideal high input, VDD.
 NMH: when vIN1 is the ideal low input, 0.
 NM: The minimum value of  NML or NMH.
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NML:
vIN1 = VDD
vOUT1 = VOL
vIN2 = VOL + |vN| < VIL

vN < VIL – VOL = NML

i.  ii.    iii.
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NML



A General Inverter
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NMH:
vIN1 = 0
vOUT1 = VOH
vIN2 = VOH - |vN| > VIH

vN < VOH – VIH = NMH

i.  ii.    iii.
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A General Inverter
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Parameters
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

NML: Noise Margin Low:  NML = VIL – VOL 
NMH: Noise Margin High:  NMH = VOH – VIH
NM: Noise Margin:   NM = min(NML,NMH)

The Ideal Inverter 
achieves the 
maximum NM.
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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))
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VDD=4V
RD = 470Ω
kn = 130mA/V2

Vtn = 1.62V
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NMOS Inverter (models)

At vIN=VDD
rDS = 1/(kn(VDD-Vtn))
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Basic Inverter
NMOS Inspired
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vIN is LOW,
Switch is OPEN,
Not Conducting,
vOUT is HIGH.

vIN is HIGH,
Switch is CLOSED.
Conducting,
vOUT is LOW.

rPDN = rDS = 1/(kn(vDD-Vtn))

PD=0 PD=VDD
2/(RD+rPDN)



VDD

RD

vOUT

vIN

vIN

VDD

vOUT

PMOS Inverter
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Notes:
vIN = VDD – vSG
vOUT = VDD – vSD = RDiD

As vIN (or VDD – vSG) increases from zero to VDD.
Modes: triode, saturation, cutoff

VDD-|Vtp|

Triode
vSD < vSG-|Vtp|
VDD-vOUT < VDD-vIN-|Vtp|
vOUT > vIN+|Vtp|

Saturation
vOUT < vIN+|Vtp|

Cutoff
vSG < |Vtp|
VDD-vIN < |Vtp|
vIN > VDD-|Vtp|
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Notes:
vIN = VDD – vSG
vOUT = VDD – vSD = RDiD

As vIN (or VDD – vSG) increases from zero to VDD.
Modes: triode, saturation, cutoff

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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PMOS Inverter (models)

At vIN=0
rSD = 1/(kp(VDD-|Vtp|))
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vIN is LOW,
Switch is CLOSED,
Conducting,
vOUT is HIGH.

vIN is HIGH,
Switch is OPEN.
Not Conducting,
vOUT is LOW.

Basic Inverter
PMOS Inspired

rPUN = rSD = 1/(kp(vDD-|Vtp|))

PD=0PD=VDD
2/(RD+rPUN)
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CMOS Inverter (models)

At vIN=0
rSD = 1/(kp(vDD-|Vtp|))

vIN vIN
rDS

At vIN=VDD
rDS = 1/(kn(vDD-Vtn))

vOUT vOUTvOUTvIN

VDD



VDD

rPUN

vIN is LOW,
PMOS is conducting,
vOUT is HIGH.

vIN is HIGH,
NMOS is conducting,
vOUT is LOW.

Basic Inverter
CMOS Inspired

vIN

rPDN

vOUT

VDD

vIN

VDD

vINrPUN

vIN vIN
rPDN

vOUT vOUT

PD=0 PD=0
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