
Basic Electrical Properties of MOS Circuits

Basic MOS operation and equations

Small-signal characteristics

Complentary CMOS inverter (DC characteristics)

Noise Margin

Static load invrters and transmission gate
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MOS Transistor Types

MOS Transistor Symbol

nMOS
enhancement 

nMOS
depletion

pMOS
enhancement

Conduction characteristics for enhancement and
depletion mode MOS transistors

— Assuming fixed VDS

0
+Vtn

n-channel enhancement n-channel enhancement

Drain
Current
(Ids)

Drain
Current
(Ids)

0-Vtn

Gate-to Source Voltage (Vgs) Gate-to Source Voltage (Vgs)

Gate-to Source Voltage (Vgs)Gate-to Source Voltage (Vgs)

0-Vtp 0 +Vtp

Drain
Current
(Ids)

Drain
Current
(Ids)

p-channel enhancement p-channel enhancement
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MOS Enhancement Transistor

Physical structure of a nMOS transistor
Gate gate oxide

n+ n+

channel

holes electrons

p-substrate

Source Drain

+Vds

Substrate ( Usually Vss )

3 modes of transistor channel (nMOS)
— Accumulation mode

Vgs << Vt

polysilicon gate
silicon dioxide insulator

+ + +

+ + + + + ++ +

+ + + + + ++ +

+ + + + + ++ +

+ + + + + ++ +
+ + + + + ++ +

p-substrate
+_

— Depletion mode
+ + + ++

+ + + + + ++ +

+ + + + + ++ +
+ + + + + ++ +

+_

Vgs = Vt

depletion region 

— Inversion mode

+ + + + + ++ +
+ + + + + ++ +

+ + + + + ++ +

- - - - - -- -

Vgs > Vt

+_

inversion region (n-type)

depletion region 

pMOS ( refer to textbook )
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MOS Transistor Operation

Vgs

0V          Channel     
( inversion layer)

Vgs

Example : n MOS
1. Vgs>    , Vds= 0

2. Vgs>    , Vgs- Vds= Vgd> Vt

Vt

Vt

gate

( inversion layer)

+ + +
GND (0 V) VDD

GND (0 V) VDD

0V               

3. Vgs>    , Vgs- Vds= Vgd< VtVt
Vgs

0V               
Pinch off

Ids

Vgs- Vt = Vds

Vgs4

Vgs2

Vgs3

Vgs1

Vgs

LINEAR
REGION SATURATION

REGION

I-V characteristic of nMOS

GND (0 V) VDD
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Body Effect
Threshold voltage is increased when back
bias voltage is increased
Junction between channel (or drain&source) 
and substrate must be reverse-biased to
reduce current leakage

Vsb > 0 for NMOS
Vsb < 0 for PMOS

Source Gate Drain

P-Substrate NAVSB

NMOS Example
Example with body effect

without body effect

Vt = Vfb +2 b+φ 2  siqNA(2 b+ Vsb )ε φ
Cox

Vt = Vt0+   [   (2 b+ Vsb ) － 2  b ]γ φ φ

Vfb：flat-band voltage
φ

b ：Fermi potential
Vsb：substrate bias 
Vt0：Vt for VSB=0

γ =           2  siqNA=ε
tox

ox
ε Cox

1 2  siqNAε

NA：substrate doping concentration

εox : permitivity of gate oxide
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MOS Device Equation

Gate
WSource

t

L

I     VS. V     RelationshipDS DS

IDS = charge induced in channel(Q )c
electron transit time(τ)

Transit time τDS =
length of channel(L)

velocity( υ)

Velocity υ=µEDS

where µ is electron or hole mobility
E

DS

DS is electric field
E = VDS

L
DSτ = L

µVDS

2
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NMOS Transistor Structure

Drain



MOS DEVICE Equation(Cont.)

Nonsaturation Region

Eg: Average electric field
(gate to channel)

ε: permittivity of insulator between gate and channel

(Vg-Vt)-VDS

t ; Assume average channel
voltage VDS /2

/2Eg=

t: oxide thickness

Qc= εWL
t

VDS

2
IDS = εµ

t
W
L

VDS

2 ] VDS

VDS

2
W
L= µCox [(Vgs-Vt)- ] VDS

][(Vgs-Vt)-

[(Vgs-Vt)-

Cox: gate capacitance/unit area

Total gate capacitance      = CoxWL

Let K=µCox  or β= K W
L = µCoxW

L

=> IDS = K W
L [(Vgs-Vt)VDS - VDS

2

2 ]

[(Vgs-Vt)VDS - VDS
2

2 ]

Cg

Tai-Haur Kuo, EE, NCKU, 1997 VLSI Design    3-7
= β



MOS Device Equation(Cont.)

Saturation Region 

IDS = (Vgs－Vt)2(1+λVDs)

VDs=Vgs －Vt

λ : channel length modulation factor
If we include λ, then

2
k W

L

IDS = 2 (Vgs－Vt)2=k W
L 2

β (Vgs－Vt)2

IDS

Vgs －Vt >Vds Vgs －Vt < Vds 2.5V

VDs

Enhancement  NMOS (Vt > 0)
IDS

VDS

2V

1.5V

Vgs =2.5V

2V

0V

Vgs =－2V

Depletion NMOS (Vt < 0)

Cutoff Region
Vgs < Vt IDS = 0
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MOS Device Equation(Continued)

1. Cutoff Region Vgs－Vt < 0

2. Nonsaturation 0 < Vds < Vgs－Vt

3. Saturation         0 < Vgs－Vt < Vds

IDs=
1. 0

[(Vgs－Vt)VDs－ VDs2

2 ]β2.

3.
β
2

(Vgs－Vt)2

Channel-length modulation
Device in saturation

IDS =
2

(Vβ
gs－Vt)2(1+λVDs)
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Subthreshold Region

i.e. weak inversion region
0 < Vgs < Vt

Drain Puchthrough

When the drain is at a high enough voltage with 
respect to the souce, the depletion region around the
drain may extend to the source, thus causing current 
to flow irrespective of the gate voltage( i.e., even if it
is zero).  This is known as a punchthrough condition.
Currently, this effect is used in I/O protection circuits 
to limit the voltages across internal circuit nodes, 
although it will impact design as devices are scaled 
down by requiring that internal circuit voltages be 
reduced to a point where the effect does not occur. 

MOS Models
refer to textbook

Small Signal AC Characteristics

small signal model

Gate

Cgs+Cgb

Source

gmVgs

Cgd

gds Cdb

Drain
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Transcondutorance gm

d  I DS

d VGS
gm = VDS = constant

For devices in saturation region

gm =               =                  ( Vgs - Vt ) ; Cg=CoxWL

=     ( Vgs - Vt )  

d  I DS

d VGS

Cg

L2

µ

β

For devices in nonsaturation region
gm = VDSβ

With fixed Vds With fixed Vgs > Vt

gm gm

Vds = V3
Vds = V2
Vds = V1

Vds = V6
Vds = V5
Vds = V4

0
(Vgs = Vt)

V1 V2 V3 V4-VtVgs - Vt VdsV5-Vt

V6-Vt

nonsaturation region
saturation region

saturation region
nonsaturation region

Tai-Haur Kuo, EE, NCKU, 1997 VLSI Design    3-11



Indication of Frequency Response

Large signal

G

D

S

IDS

VDS

Small signal model

+ V0
+

Vi

g  m iV

0

V =0 - gmV s
1

i ( r0 )
V0
Vi

= 1+sr 0
-g  rm 0 = m 0g r-

1+jωr0

V0
Vi

==> ωu = gm
CL

Assume gm r >>1

r0 CL

CL

CLCL

Vo

Vi
gm r0

r0CL
1

CL

gm
1

=1

ωu = mg
Cg = µ

L2 (Vgs -Vt )

Assume C  =C    iL g .e. ability to drive itself
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Output Resistance

Nonsaturation
Small signal

g0 = d DS

DSdV
I

VDS small ~~ β(Vgs-Vt)

Large signal G  =0 
IDS

VDS
~~ β(Vgs-Vt)

=>R  = r  =00 β(Vgs-Vt)
1

1
0 0G

1g

Saturation Region
∗Only small signal

g  = dV
DS

DS

d I = λI0

= 1
λI0r

R  >R2 1

r0(sat) (nonsat)R0 DS

1[R0(nonsat)]-1
=R

-1
IDS

V

0(sat) 2
-1

[R ]
-1
=R

Tai-Haur Kuo, EE, NCKU, 1997 VLSI Design    3-13



Complementary CMOS Inverter

A MOS inverter with substrate connections 
VDD

d

d

s
g

p-device

n-device
g

Vin Vout

VSS

Relations between voltages for the three
regions of operation of a CMOS inverter

CUTOFF     NONSATURATED    SATURATED

Vgsp<Vtp Vgsp<Vtp
Vin<Vtp+VDD Vin<Vtp+VDDVgsp>Vtpp-device
Vdsp >Vgsp－VtpVin>Vtp+VDD Vdsp <Vgsp－Vtp
Vout >Vin－Vtp Vout <Vin－Vtp

Vgsn>Vtn Vgsn>Vtn
Vgsn<Vtn Vin>Vtn Vin>Vtnn-device
Vin<Vtn Vdsn <Vgs－Vtn Vdsn >Vgs－Vtn

Vout <Vin－Vtn Vout >Vin－Vtn
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Graphical Derivation of CMOS Inverter 
Characteristics

transistor I-V Vgsn5

-Vgsp1

Idsn

- Vdsp

VDDVdsn

-Idsp

-VDD

0

Vgsn4

Vgsn3

Vgsn2

Vgsn1

-Vgsp2
-Vgsp3
-Vgsp4
-Vgsp5

- Vdsp

IdsnII dspI

-VDD VDD

Vgsn

Vdsp0

-Vgsp

Taking absolute value of Idsp

Load line

Idsn, | Idsp|

Vinp

Vdns(VDD-Vdsp)

Vinn

5

4

3

2

1

0
1
2
3

4

Equal Current Points

----- Vout
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CMOS Inverter DC Transfer Characteristic
and Operating Regions

Transfer curve

p“OFF” n”ON”
p“ON” n”ON”

A

B

C

D
E

p“ON” n”OFF”

VDD

Idsn = -Idsp

Vout .5 VDD

0
VDD +Vtp VDDVtn .5 VDD

5 regions (A, B, C, D, and E) 

— In all of five regions, Idsn = -Idsp

— Region A  

Vout= VDD

nMOS: off
pMOS: nonsaturation (triode) region 
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Idsp= (Vin- Vtn)2
2

Idsp= - [(Vin- VDD- Vtp)(VO- VDD)- (VO-VDD)2]1
2

Idsn= -Idsp

VO= [(Vin- Vtp) + [(Vin- Vtp)2- 2 (Vin- -Vtp)VDD

- (Vin-Vtn)2]1/2

Vbb

2

βn

βp

βn

βp

Region B: n: saturation   p: nonsaturation

Vgsp Vdsp

=>

Region C: Both the n and p-device are in saturation
Idsp= (Vin- VDD-Vtp)2

2
Idsp= (Vin- Vtp)2

2
Idsp= -Idsn

Vin= 
VDD + Vtp+ Vtn

1+

βn

βn

βn

βp

βp

βp=>

By setting = and Vtn= - Vtp

=> Vin=       = VO= Vinv where Vinv is gate          
threshold voltage

VDD2

βpβn

Region D & E can be similarly derived
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Noise Margin

Definitions

output characteristics input characteristics

Indetermined

Region
Logical
Low
Intput
Range

Logical Hight
Output Range

Logical Output
Range

Logical
Hight
Intput
Range

VDD

VOHmin

VIHmin

VILmax

VOLmax

VSS or GND

NML

NML= | VILmax- VOLmax |

NMH= | VOHmin- VIHmin |

VIHmin= Minimum HIGH input voltage

VOHmin= Minimum HIGH output voltage
VILmax= Maximum LOW input voltage

VOLmax= Maximum LOW output voltage

CMOS inverter noise margin

VOH

Vout

VOL

Vtn VIHVIL VDDVDD- |Vtp|
Vin

unity gain point ( slope=+1)

unity gain point ( slope=-1)

(0v)

VDD
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Influence of   n/  p Ratio on Transfer Curveββ

Transfer curves for defferent n/  p ratio ββ

Vout

ＮＭＬ

ＶＳＳ

（or GND）

(a) βn

βp

===> decrease NML
increase NMH

(b) βn

βp

n/  pβ β =1 

n/  pβ β <1 

n/  pβ β >1 

Vin   = Vout

Vin

For           =1  ===>               =
n pWp        nWn
p Lp            Ln

(Wp/Lp)         n
(Wn/Ln)         p 

β
β

µµ

===>                  =
µ
µ ≈ 2~3

Noise Margin VIH
VIL

ＶＤＤ

ＮＭＨ

VIH
VIL

output characteristics      input characteristics

For equal noise margins, NMH=NML
Vinv = 0.5VDD

===> decrease NML
increase NMH
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CMOS Inverter As An Amplifier

Schematic
R

Vin Vi Vout
1

Vin

R1

Vi Vout

VDD

M1

1M
R0

DC bias: Vi=Vout=Vinv.
both M   and M   are biased in saturation region1 2

Assuming R  >>R  ,C is large enough1 0

A= Vout
Vin ~~ Vout

Vi ~~ GmR0

=(g    + g    )(rmn mp dsn dspr    )

Increase channel length =>{
0

u
2

R0 => A
Wu => speed

( λ~1/L , R  ~1/0 λ => R   ~L
W  ~1/L  =>  speed~1/L2

(
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Pseudo - nMOS Inverter

Roughly eqivalent to nMOS depletion load inverter
— consumes more power than CMOS

WP = 4LP = 1

Wn = 2Ln= 1

WP = 2LP = 1

WP = 4LP = 1

WP = 2LP = 1Ids

WP = 2LP = 4

Vds

VDD

VDD

Vout

load

driver

0V

Vin

Ids

Vin VDD Vin

Vin = logic 0 ⇒ ≈V Vout DD

Vin = logic 1 

( ) ( )( ) )(
( ) ( )

( )

β β

β
β

n
in tnV V

2 2
2

2

2 2

2

− = − − − −
−















⇒ =
+ − +

−

p DD tp out DD

out DD

n

p

DD tp out tp

in tn

V V V V
V V

V V V V

V V

— with V V V Vinv DD tn tp DD DD. . , . ,= = = =0 5V 0 2V 5V

⇒ =β
β

µ
µ

n

p

n

p
for

n 
 ÷W

L

 W
 ÷ pL

6

1 2 = 3( )

NML=.8-.26=.54V
NMH=5-2.2=2.38V

VOH=5

VIL=.8

VIH=2.2V

VOL=.26

Vin

2/2

2/1

2/2

2/1

n 
 ÷W

L

 W
 ÷ pL
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µ n = ⇒ =for µ p
2 3( ) 2

In general, NMH>NML



nMOS Depletion Load Inverter
Wpu
Lpu Vout

VDDSchematic

WpdVin Lpd 0V

0.5VDD  VDD 

Vout

Vin

Consumes more power
IDS

VinVt

than CMOS

load line

IDSLoad line

Transfer cruve

Transistor size
Assuming Vt ≅ 0.2VDD, Vtd ≅ －0.6VDD

Ids(pu)= 2
k Wpu

Lpu
(－Vtd)2= βpu (－Vtd)2

2
Wpd
Lpd

(Vinv.－Vtd)2= βpd (Vinv.－Vtd)2

decreasing βpu 
βpd 

Vin 

increasing βpu 
βpd 

Wpu/ Lpu
Wpd/ Lpd

= 1
4 or 1/4

1/1
V     ,DD 1/2V invFor ~~
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Vout Vin = Vout

Ids(pd)=
k



Transmission    Gate

Schematic

Vin Vout

Resistance

°
ψ

ψ
φ=High)(

PMOS resistance

NMOS resistance
VinTransmission gate resistance

Ron

Signal transmission
nMOS pass transistor

5V
0V 0V

5V
5V- Vt

(degraded logic 1)

ψ (5V)

0V
5V

(degraded logic 0)

ψ (0V)

pMOS pass transistor

5V
0V

Transmission gate

5V

0V
5V

0V

(good logic levels)
ψ (5V)

ψ (0V)
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Transmission Gate (cont.)
Cascaded stage

nMOS

pMOS 

°

°

°

logic0

logic0

logic0

Vt

3Vt

2Vt

( loss of logic level 0)

Transmission gate

good logic levels

5V- 2Vt

5V- 3Vt

5V- Vtlogic1

logic1
logic1

( loss of logic level 1)
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Tristate Inverter

A                                 Z

C

C

A

C

C

--- C=1, C=0 ===> inverter function Z=A
--- C=0, C=1 ===> high impedance output Z

VSS

C

A

Z 

VDD

Symbol

Schematic

A

C

Z  

Improved type

C

C

eliminated metal
connection

VDD

ZA
A

C

Z 

C

A

eliminate a metal connection
===> smaller size & higher speed VSS

Other Inverter Types
Reading Assignment
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