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MOS Transistor as a SwitchMOS Transistor as a Switch
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Inverter (NOT Gate)Inverter (NOT Gate)
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Transistor Level ImplementationTransistor Level Implementation
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d
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s

CMOS: Complementary MOS
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MOS voltage levelsMOS voltage levels
Case 1: NMOS discharges capacitor

Initially: Vout = Vcc (capacitor fully charged)
VGS of NMOS = Vcc
What is final Vout?

Cload

Vout

time

Vcc
G D

Vcc
S Vout

NMOS remains on since VGS > VT

Final output voltage Vout = 0V



MOS voltage levelsMOS voltage levels
Case 2: NMOS charges capacitor

Initially: Vout = 0
Initial VGS of NMOS = Vcc
What is final Vout?

time

Vcc
G D

Vcc
S VoutVout

Cload
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NMOS remains on until VGS = VT

Final output voltage Vout = Vcc - VT

Vcc

Vcc-VT



MOS voltage levelsMOS voltage levels
Repeat for PMOS:

Case 1: PMOS discharging capacitor

G S
Gnd

D
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Cload

Vout
• PMOS on until VGS = VT
• Vout = |VT|

Case 2: PMOS charging capacitor

Gnd
G S

D

Cload

Vout
• PMOS always on (VGS = -VCC)
• Vout = VCC

Vcc
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MOS voltage levelsMOS voltage levels
NMOS summary

Transfers logic ‘0’ completely (good for 
discharging a node)
Does not transfer logic ‘1’ completely (bad for 
charging a node)

PMOS summary
Transfers logic ‘1’ completely
Does not transfer logic ‘0’ completely

Result:
NMOS used for pull-down, PMOS for pull-up
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CMOS InverterCMOS Inverter
The most widely used gate….
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Inverter is simplest digital logic gate

Many different circuit styles possible
Resistive-load
Pseudo-NMOS
CMOS

Important characteristics
Speed (delay through the gate)
Power consumption
Robustness (tolerance to noise)
Area and process cost

Inverter OperationInverter Operation

In   Out
0   1
1   0

‘0’ ‘1’
‘1’ ‘0’



Lecture 4, ECE 225 Kaustav Banerjee

Inverter model: VTCInverter model: VTC
Voltage transfer curve (VTC): plot of output voltage Vout
vs. input voltage Vin

InverterVin Vout

Ideal digital inverter:
When Vin=0, 
Vout=Vcc
When Vin=Vcc, 
Vout=0
Sharp transition 
region

Vcc

Vcc

ideal

actualVout

Vin
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Actual inverter: VActual inverter: VOHOH and Vand VOLOL
VOH and VOL represent 
the “high” and “low”
output voltages of the 
inverter
VOH = output voltage 
when Vin = ‘0’
VOL = output voltage 
when Vin = ‘1’
Ideally,

VOH = Vcc
VOL = 0

Vcc
Vin

VOH

Vout

VOL
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VOL and VOHVOL and VOH
In transfer function 
terms:

VOL = f(VOH)
VOH = f(VOL)
f = inverter transfer 
function

Difference (VOH-VOL) is 
the voltage swing of 
the gate

Full-swing logic swings 
from ground to Vcc

Vcc
Vin

Vout

VOH

VOL VOH

VOL



Lecture 4, ECE 225 Kaustav Banerjee

Inverter ThresholdInverter Threshold
Inverter switching 

threshold:
Point where voltage 
transfer curve intersects 
line Vout=Vin
Represents the point at 
which the inverter 
switches state
Normally, VM ≈ Vcc/2Vcc

Vin

Vout

VOH
Vout=Vin

VM

VOL



Lecture 4, ECE 225 Kaustav Banerjee

CMOS Inverter Noise MarginsCMOS Inverter Noise Margins
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Noise MarginsNoise Margins
VIL and VIH measure 
effect of input voltage 
on inverter output
VIL = largest input 
voltage recognized as 
logic ‘0’
VIH = smallest input 
voltage recognized as 
logic ‘1’
Defined as point on 
VTC where slope = -1

Vcc

Vin

VOH

Vout

VIL VIH

Slope = -1

VOL
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Noise Margin (cont)Noise Margin (cont)
Noise margin is a measure 
of the robustness of an 
inverter

NML = VIL - VOL

NMH = VOH - VIH

Models a chain of inverters.  
Example:

First inverter output is VOH

Second inverter recognizes 
input  > VIH as logic ‘1’
Difference VOH-VIH is “safety 
zone” for noise

interconnect

VOH

“1”

NMH VIH

VOL

VIL

“0”

NML

Ideally, noise margin should be 
as large as possible
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Noise Margin (cont)Noise Margin (cont)
Why are VIL, VIH defined as unity-gain point 
on VTC curve?

Assume there is noise on input voltage Vin

( )noiseinout VVfV +=

( ) noise
in

out
inout V

dV
dVVfV +=

– First-order approximation (Taylor Series):

– If gain (dVout/dVin) > 1, noise will be amplified.
– If gain < 1, noise is filtered.  Therefore VIL, VIH

ensure that gain < 1  
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Noise Margin (summary)Noise Margin (summary)
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Inverter Time ResponseInverter Time Response
Vcc

Vss

Vcc/2

Vcc

Vss

Vcc/2

Vin

Vout

t0 t1 t2 t3

Propagation delay measured from 50% point 
of Vin to 50% point of Vout
tphl = t1 - t0, tplh = t3 - t2,       tp = ½(tphl+tplh)
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Rise and Fall TimeRise and Fall Time

Fall time: measured from 90% point to 10% point
tF = t1 - t0

Rise time: measured from 10% point to 90% point
tR = t3 - t2

Alternately, can define 20%-80% rise/fall time

V90%

V10%

t2 t3

tF tR

t0 t1



Lecture 4, ECE 225 Kaustav Banerjee

Ring OscillatorRing Oscillator
Ring oscillator circuit: standard method of comparing 
delay from one process to another
Odd-number n of inverters connected in chain: 
oscillates with period T (usually n >> 5)

V1 V3 V2VOH

T

V50%

tPHL2 tPLH3 tPHL1 tPLH2 tPHL3 tPLH1

Cload Cload

V1 V2 V3

nf
t

ntT
fntT

ttttttT

p
p

p

phlplhphlplhphlplh

2
1          ,

2
11         ,2

332211

====

++++++= L
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ResistiveResistive--load Inverterload Inverter
Requires only NMOS transistor 
and resistor
When Vin = 0:

NMOS is OFF (VGS = 0)
No current through NMOS or 
resistor
Vout ≈ Vcc

When Vin = Vcc:
NMOS is ON (VGS = Vcc)
NMOS on resistance << R
Vout ≈ 0

Vout

Vcc

Gnd

G D

R IR

IDVin
S

Drain current ID = 
Load current IR
(Kirchoff’s Law)

Remember: if body terminal 
not shown, it is connected to 

gnd for NMOS, vcc for 
PMOS

Not suitable for VLSI: large area of R, DC 
power dissipation.
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ResistiveResistive--load Inverterload Inverter
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PseudoPseudo--NMOS InverterNMOS Inverter
Replace resistor with “always-
on” PMOS transistor
Easier to implement in 
standard process than large 
resistance value
PMOS load transistor:

On when VGS < VT →
VGS = -VCC: transistor always on
Linear when VDS > VGS-VT →
Vout-Vcc > -Vcc-VT → Vout > -VT
Saturated when VDS < VGS-VT →
Vout-Vcc < -Vcc-VT → Vout < -VT

Vcc

Gnd

G S

D

VGS,P = -VCC

Vout
Vin

Ratioed
Logic: Vout
depends 
on the 
relative 

size of the 
transistors

Remember: 
VT(PMOS) < 0
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PseudoPseudo--NMOS InverterNMOS Inverter
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CMOS InverterCMOS Inverter
Complementary NMOS and 
PMOS devices
In steady-state, only one device 
is on (no static power 
consumption)
Vin=1: NMOS on, PMOS off

Vout = VOL = 0
Vin=0: PMOS on, NMOS off

Vout = VOH = Vcc
Ideal VOL and VOH!
High input resistance (insulated 
gate) and low output impedance 
(finite resistance path between 
output and Vcc or Gnd)
Ratioless logic

Vout

Vcc

Gnd

Vin
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CMOS InverterCMOS Inverter

Polysilicon

In Out

VDD

GND

PMOS 2λ

Metal 1

NMOS

Contacts

N Well

OutIn

VDD

PMOS

NMOS
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Two InvertersTwo Inverters

Connect in Metal

Share power and ground

Abut cells

VDD
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CMOS InverterCMOS Inverter
FirstFirst--Order DC AnalysisOrder DC Analysis

VDD VDD

Vin 5 VDD Vin 5 0

Vout
Vout

Rn

Rp VOL = 0
VOH = VDD

VM = f(Rn, Rp)
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CMOS Inverter: Transient ResponseCMOS Inverter: Transient Response

tpHL = f(Ron.CL)
= 0.69 RonCL

Vout

R p

V DD

CL

V out

R n

V DD

V in 5 V DD

CL

V in 5 0

(a) Low-to-high (b) High-to-low



Lecture 4, ECE 225 Kaustav Banerjee

CMOS Inverter Operation (summary)CMOS Inverter Operation (summary)
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Generating the Inverter VTCGenerating the Inverter VTC
A.  Translate PMOS I-V Relations into NMOS Variable Space using the following:

DDoutDspoutDsn

DDinGspinGsn

DsnDsp

VVVVV

VVVVV

II

−==

−==

−=

;

;

Vout

IDn

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
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CMOS Inverter Load CharacteristicsCMOS Inverter Load Characteristics
B.  For a DC operating point to be valid, currents through NMOS and 
PMOS must be equal, hence find the points of intersection.

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
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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 s at
PMOS res

NMOS res
PMOS sat

In which state 
do the 
transistors 
spend most 
of their time?
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Switching Threshold as a function Switching Threshold as a function 
of Transistor Ratioof Transistor Ratio

10
0

10
1

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

M
V

(V
)

W p
/W

n

© Digital Integrated Circuits2nd

Analytical Expression: Equate the NMOS and PMOS 
currents around VM , and solve for VM

VM is relatively insensitive to 
variations in device size ratio

Shifts the transient region of VTC



Determining VDetermining VIHIH and Vand VILIL

VOH

VOL

Vin

Vout

VM

VIL VIH

g

i.e., VOH=VDD and VOL=0

Note: As g ∞, VIH=VIL=VM, 
i.e., ideal inverter

A simplified approach: piecewise linear approximation of the VTC
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Simulated VTCSimulated VTC

0 0.5 1 1.5 2 2.5
0

0.5

1

1.5

2

2.5

V
in

 (V)

V
ou

t(V
)

in
out

dV
dVg =

Note: piecewise linear approximation of the VTC would lead to higher gain
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Inverter GainInverter Gain

0 0.5 1 1.5 2 2.5
-18

-16

-14

-12

-10

-8

-6

-4

-2

0

V
in
 (V)

ga
in

Gain is mostly determined by 
technology parameters, 
especially channel length 
modulation, but also by VDD

Note: approximately DDM VV ∝
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Inverter SkewInverter Skew
HI-skewed

LO-skewed

unskewed
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The Transistor as a SwitchThe Transistor as a Switch

VGS ≥ VT

Ron
S D

ID

VDS

VGS = VD D

VDD/2 VDD

R0

Rmid
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The Transistor as a SwitchThe Transistor as a Switch

0.5 1 1.5 2 2.5
0

1

2

3

4

5

6

7
x 10

5

V
DD

 (V)

R
eq

 (O
hm

)



The Transistor as a SwitchThe Transistor as a Switch
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Propagation DelayPropagation Delay
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CMOS inverter capacitancesCMOS inverter capacitances
Vcc

Cgd,p Cdb,p

Cgd,n

Cgs,n Csb,n

Cdb,n Cint Cg

Cgs,p Csb,p

f

Cap on Node f:

• Junction cap: Cdb,p and Cdb,n
• Gate (overlap) capacitance

Cgd,p and Cgd,n (beware of 
Miller effect)

• Interconnect cap: Cint
• Receiver gate cap: Cg

Vin

Gnd
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CMOS inverter capacitancesCMOS inverter capacitances

gatepgdngdpdbndbload CCCCCCC +++++= int,,,,

oxdrawn

gate

CWL

C =

oxD

pgdngd

CWL

CC

2

, ,, =

jsweqswjeq

pdbndb

CPKCAK
CC

+

=

0

,, ,

Miller effect For each gate
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CMOS Inverter Propagation DelayCMOS Inverter Propagation Delay
Approach 1Approach 1

VDD

Vout

Vin = VDD

CLIav

tpHL = CL Vswing/2

Iav

CL

kn VDD
~
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CMOS Inverter Propagation DelayCMOS Inverter Propagation Delay
Approach 2Approach 2

VDD

Vout

Vin = VDD

Ron

CL

tpHL = f(Ron.CL)
= 0.69 RonCL

t

Vout

VDD

RonCL

1

0.5

ln(0.5)

0.36
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CMOS InvertersCMOS Inverters

Polysilicon

In
Out

Metal1

VDD

GND

PMOS

NMOS

1.2 µm
=2λ
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Transient ResponseTransient Response

0 0.5 1 1.5 2 2.5

x 10
-10

-0.5

0

0.5

1

1.5

2

2.5

3

t (sec)

V
ou

t(V
)

tp = 0.69 CL (Reqn+Reqp)/2

?

tpHL
tpLH

Vin

Vout

?

Symmetric inverter has 
tpHL=tpLH

Due to Cgd of transistors: can 
affect gate performance
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Design for PerformanceDesign for Performance
Keep load capacitances (CL) small

Recall that three major components 
contribute to the load cap.

– internal diffusion + overlap caps
– interconnect cap.
– fan-out (gate cap)

Increase transistor sizes 
watch out for self-loading!

Increase VDD (??)
watch out for reliability issues!



Delay as a function of VDelay as a function of VDDDD
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0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

V
DD

(V)

t p(n
or

m
al

iz
ed

)

Same as the ON resistance of a transistor….

Trade off energy dissipation vs performance…..

Reliability concerns 
at high VDD….

Note: for VDD >> VTn + VDSATn/2, tp is almost 
independent of VDD

Some improvement due to 
channel length modulation

This region 
should be 
avoided
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Device SizingDevice Sizing

2 4 6 8 10 12 14
2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8
x 10

-11

S

t p(s
ec

)

(for fixed load)

S= sizing factor 
for NMOS/PMOS

Self-loading effect:
Intrinsic capacitances
dominate
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NMOS/PMOS ratioNMOS/PMOS ratio

1 1.5 2 2.5 3 3.5 4 4.5 5
3

3.5

4

4.5

5
x 10

-11

β

t p(s
ec

)

tpLH improves 
with increasing Wp

tp

If symmetry and noise margins are not of prime concern, inverter delay can 
be reduced by reducing the width of PMOS….

tpHL degrades with 
increasing Wp (larger 
parasitic cap)

β = Wp/Wn
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Impact of Rise Time on DelayImpact of Rise Time on Delay
t p

H
L(

ns
ec

)
0.35

0.3

0.25

0.2

0.15

trise (nsec)
10.80.60.40.20
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