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MOSFET SMALL-SIGNAL EQUIVALENT CIRCUIT 
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UNIFIED CHARGE CONTROL MODEL (UCCM)-1
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DRAIN CURRENT: CHARGE-SHEET MODEL
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MASTER DESIGN EQUATION
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ASPECT RATIO VS. CURRENT EXCESS 
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WEAK, MODERATE, STRONG INVERSION
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Common-source characteristics
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THE PINCH-OFF CHARGE DENSITY

The channel charge density corresponding to the 

effective channel capacitance times the thermal 

voltage, or thermal charge, defines pinch-off

( )
IP ox b t ox t

Q C C nCφ φ′ ′ ′ ′= − + = −

The name pinch-off is retained herein for historical 

reasons and means the channel potential 

corresponding to a small (but well-defined) 

amount of carriers in the channel.
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THE PINCH-OFF VOLTAGE VP

The channel-to-substrate voltage (VC) for which the 

channel charge density equals the pinch-off  charge 

density is called the pinch-off voltage VP.

UCCM is asymptotically 
correct in weak inversion if 

in weak 
inversion
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THE THRESHOLD VOLTAGE VT0

Equilibrium threshold voltage VT0, for VC=0, 
gate voltage for which Q’I = Q’IP  = -nC’oxφt

(gate voltage for which VP=0 )

2
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Recalling that 

it follows that
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Pinch-off voltage and slope factor as functions of VG [0.18 µm CMOS technology].
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SATURATION VOLTAGE

Saturation voltage

(VDSsat): VDS at which 

the ratio ID ISq q ξ′ ′ =

,

Saturation voltage versus inversion level
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PARAMETER EXTRACTION 
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INTRINSIC CAPACITANCES
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SMALL-SIGNAL MOSFET MODEL
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INTRINSIC TRANSITION FREQUENCY 
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NOISE & MISMATCH

� The spontaneous fluctuations over time of the current 
and voltage inside a device, which are basically 
related to the discrete nature of electrical charge, are 
called electrical noise. 

� Time-independent variations between identically 
designed devices in an integrated circuit due to the 
spatial fluctuations in the technological parameters 
and geometries are called mismatch.

� Mismatch (spatial fluctuation) and noise (temporal 
fluctuation) are similar phenomena, both being 
dependent on the process, device dimensions, and 
bias.

� Mismatch can be seen as “dc noise”.

25/05/2010
ISCAS 2010
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THERMAL NOISE EXCESS FACTOR-1

For VDS→0, the transistor is equivalent to a resistor and 

where gms (=gmd) is the equivalent conductance of the transistor

In weak inversion 

For a saturated transistor (gms>>gmd) in weak inversion
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THERMAL NOISE EXCESS FACTOR-2

In general, the channel thermal noise is written as

γ is the excess noise factor and its value is 2/3 for a long-channel 

saturated transistor in strong inversion. 

for a short-channel transistor

where Le and Lesat are the electric length of the channel in the 

linear and the saturation regions, respectively. Considering that 

Lesat= Le-∆L, where ∆L is the channel shortening due to CLM, then 

we can write 

for short-channel transistors it is possible that γ >1 due to the CLM 

effect.
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THERMAL AND 1/F NOISE
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CORNER FREQUENCY

Noise corner frequency (frequency at which the PSD of the 1/f 

noise equals the PSD of the thermal noise)
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PELGROM’S MODEL OF MISMATCH

� In most applications: the standard deviation of the difference 

between the threshold voltages of two identical transistors 

(∆VT0=VT1-VT2) is
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MISMATCH – EXPERIMENTAL RESULTS

Dependence of mismatch on inversion level - Linear: � (VDS=50mV); 

Saturation:    � (VDS=1V) regions. Model :—
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CONTENTS

� The intrinsic gain stage

� The source-coupled pair

� The two-transistor current mirror

� A self-biased current source

� A folded cascode amplifier
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SUMMARY OF MAIN DESIGN EQUATIONS - 1
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SUMMARY OF MAIN DESIGN EQUATIONS-2
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THE INTRINSIC GAIN STAGE  - 1
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THE INTRINSIC GAIN STAGE  - 2
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VSS

IT

+
vG1

-

M1 M2

I1 I2

+
vG2

-

02 01 2 1;      T T T S S SV V V I I I= + ∆ = + ∆

2

ST
G OS T

m S

II
V V V

g I

∆
∆ = = ∆ −

Offset voltage  VOS = ∆VG =VG2- VG1 such that 

∆ ID= I2- I1=0

Simple model  

( )0
S mD

G T

D S D

I gI
V V

I I I

∆∆
≅ + ∆ − ∆

The differential input voltage at the input required for  ∆ ID =0 is

THE SOURCE-COUPLED PAIR - 2 

0
( , )

D S f r S G T S
I I i i I f V V V = − = − 

0

( )0 0

0

   @D D D D
D S G T S m G T S

S G T S

I I I I
I I V V I g V V V

I V V I

∂ ∂ ∂
∆ ≅ ∆ + ∆ + ∆ = ∆ + ∆ − ∆

∂ ∂ ∂
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VSS

IT

+
vG1

-

M1 M2

I1 I2

+
vG2

- ( ) ( )
( )

2 2

2 2

22

ST
OS T

m S

II
V V

g I

σ
σ σ

∆ 
= ∆ +  

 

2

ST
G OS T

m S

II
V V V

g I

∆
∆ = = ∆ −

( )
( )22 2

2

2
;    

SVT IS
T

S

IA A
V

WL I WL

σ
σ

∆
∆ ≅ ≅Pelgrom’s 

model

( )
2

2 2
2

2

VT IST
OS

m

A AI
V

WL g WL
σ

 
= +  

 1 1

2 2

fT D
t

m m

iI I
n

g g
φ
 + +
 = =
 
 

Uncorrelated ∆∆∆∆ VT & ∆∆∆∆ IS

Reminder

IS
A Aβ=

THE SOURCE-COUPLED PAIR - 3 

(I)            (II) 

(I) is dominant 
over (II) for 

2
1 1 VT

f

t IS

A
i

n Aφ
+ + <

0580  ( +0.8 V)  for 32 mV,

8 mV m,  2 % m

f G T t

VT

i V V n

A Aβ

φ

µ µ

< < =

= ⋅ = ⋅

( ) 22 mV for 16µm    & 100OS fV WL iσ ≅ = <
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THE TWO-TRANSISTOR CURRENT MIRROR - 1

VDD

ii

+
vG

-

io
vo

+
-

M1 M2

1:1

M1: i→v converter
M2: v→i converter

Basic principle 
VG1=VG2; VS1=VS2; 
vout>VDsat → io≅ii

iD

vD

locus 
vD=vG

vG

vo

iD1

iD2

o i o i o i

i i A E

i i v v v vi

i i V V L

− − −∆
= ≅ ≅

Error due to difference in VD values Error due to mismatch

0

0

0

1

       

D D D
S T

D D S T

S m
T

S D

I I I
I V

I I I V

I g
V

I I

 ∆ ∂ ∂
≅ ∆ + ∆ 

∂ ∂ 

∆
≅ − ∆

( )
( )

( )
2 22 2

2 2 2

2 2

1D Sm m
T VT IS

D D S D

I Ig g
V A A

I I I WL I

σ σ
σ

 ∆ ∆   
 = ∆ + = +   
     

( )( )0 , 1 /   
D S f G T S D A D Dsat

I I i V V V V V V V≅ − + >
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THE TWO-TRANSISTOR CURRENT MIRROR - 2

( )( )
1 1 2 2 1

1 1 1 2 1

A gs gb gs gb db B

A gs gb db ovd

C C C C C C C

C A C C C C

= + + + + +

= + + + +

1:A
2mg v

1

1

  
m

ds

g

g+

ii

+

v

-

io

CA

CB

ii
io

M1 M2

VDD

( )
1

1
       

1 2

o A B

i m T

I C CA A
s

I s g f
τ

τ π

+ +
≅ = ≈

+

ii

io

M1 M2
i1

i21:A

( )

( )

2

2 2 2 22 2
1 2

1 1

2 2 2 2 2

1 1

      

 

m m
o i

m m

o i

g g
i i i i A

g g

i A i i Ai

 
= + + = 

 

= + +

Uncorrelated noise sourcesNoise analysis

ac analysis

The effect of M1 on noise is A times greater than 
that of M2
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Gain-of-two current mirrors

VDD

II IO

1/2:1

W/L

W/L

W/L

VDD

II IO

1:2

W/L

W/L
W/L

CURRENT MIRROR: GAIN SCHEMES 

VDD

ii io==Aii

......

VDD

ii
io==ii/A

......

Gain=A

Gain= 1/A

ii

io==ii/(NM)

.....

.

......
N

M

Gain=1/(NM)
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A SELF-BIASED CURRENT SOURCE – 1 

2
1 2 2

1

1
1 1

f f f

S
i i i

S N
α

  
= + + =  

  

2

2 2

2

1 1
1 1 ln

1 1

fX
f f

t f

iV
i i

i

α
α

φ

 + −
 = + − + +
 + − 

Applying UICM to both M1 & M2

SELF-CASCODE MOSFET (SCM)

Sat.

Triode

2 xI NI=

M1

M2

( )2 2 2

1 1 2( ) ( 1)

S f r x

S f f x

I i i NI

I i i N I

− =

− = +

2 1f r
i i=

0

2

2 2

X X
f

S SH

NI NI
i

I S I
= =where 
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A SELF-BIASED CURRENT SOURCE – 2 

1 1

1 1 ln

1 1

X

even SHX X X

t even SH even SH X

even SH

I

S IV I I

S I S I I

S I

α

α
φ

 
+ − 

 = + − + +
 

+ −  
 

1 0.01 S =

2 0.01 S =
IX

IX

2IX

SCM1,2

1
1 1even

odd

S

S N
α

 
= + + 

 

/
X t

V φ

/X SHI I

SCM1,2 SCM3,4

2

    3
0.01S

α =
=

4

18.7
1.13S

α =
=

3
10 S =

4 1.13 S =
IX

IX

2IX

SCM3,4
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VOLTAGE FOLLOWING (NMOS) CURRENT MIRROR (PMOS)1

9 ln( )
ref S t

V V JKφ= +

1 B. Gilbert,  AICSP vol. 38, pp. 83-101, Feb. 2004

When both M8 & M9 operate in WI: 

89

8 8

8

1 1
1 1 ln

1 1

fref S

f f

t f

JKiV V
JKi i

iφ

 + −−
 = + − + +
 + − 

A SELF-BIASED CURRENT SOURCE – 3 
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Vx

VFCM
Vx

A SELF-BIASED CURRENT SOURCE – 4 

/X tV φ

/X SHI I

SCM1,2
SCM3,4

VFCM is a positive feedback circuit →→→→
return ratio must be < 1 for stability

1
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A SBCS – 5: DESIGN
Output current: Iref=10 nA

ISHn-channel≅100 nA, ISHp-channel≅40 nA

2
1 2

1

1
1 1 3

S

S N
α −

 
= + + = 

 

1 30 1
1 30 1 10 ln 2.93

1 10 1

X

t

V

φ

 + −
= + − + + =  + − 

2(4)

2(4) 2(4)

2(4)

1 1
1 1 ln

1 1

fX

f f

t f

iV
i i

i

α
α

φ

 + −
 = + − + +
 + − 

VFCM

Let us choose

if3(4) <<1 (WI)

2.93

3 4 3 4ln  18.7X

t

V
eα α

φ
− −≅ ⇒ = ≅

4 4
3 4

3 3

1
1 1 8.85

1

S S

S S
α −

 
= + + ⇒ = 

 

=10 nA

2 2 2 2 1
10 nA 1 nA 0.01 

S f S
I i I S S= → = → = =

Let us choose 4 3 3 4/ 0.01f fi i α −= =

4 4 4 4
10 nA 1 A 10

S f S
I i I Sµ= → = → =

4
3

1.13
8.85

S
S = =

if2 = 10,  S2= S1

Let us choose

if3=0.187 →→→→

1
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A SBCS – 6: DESIGN

S if ir

M1 0.01 30 10

M2 0.01 10 0

M3 1.13 0.187 0.01

M4 10 0.01 0

M8, M8(a) 1 0. 1 0

M9, M9(a) 1 0. 1 0

MP (all) 2.5 0.1 0

4 10S =

VFCM

=1

=10 nA

2
1 0.0S =

2.93
X t

V φ= 2.93
X t

V φ=

3 1.13S =1 1 0.0S =

Summary

Core area in 0.35µm CMOS ≈≈≈≈ 0.02 mm2
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A SBCS – 7 : IOUT vs. VDD AT CONSTANT T
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A FOLDED CASCODE AMPLIFIER  - 1

IT

ioM1 M2

M3 M4

M5 M6

M7 M8

M9 M10

M11

+ -

IT
IT

VDD

GND

to VB3

+

vo

-
CL

vi1 vi2

to VB2

to VB1

to VB4

V-I converter Current sources

1:1

High-Ro

current 
mirror

M3 & M4 – common-
gate configurationIT/2 IT/2

VB3 & VB4 are such that M9(10)

& M5(6) operate on the edge 

of saturation
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IT

ioM1 M2

M3 M4

M5 M6

M7 M8

M9 M10

M11

+ -

IT IT

VDD

GND

to VB3

+

vo

-

CL

vi1 vi2

to VB2

to VB1

to VB4

VDD

IRE

F

M16

M1

2

GND

M1

3

M1

4 M1

5

VB

1

VB2

VB3

VB4

M17 M18

0.5 µµµµm CMOS

ISHN ≅≅≅≅ 40 nA, ISHP ≅≅≅≅ 16 nA,   nN ≅≅≅≅ nP ≅≅≅≅ 1.2, 

VEN=VEP=10 V/µµµµm, VT0N=0.7 V, VT0P=-0.9 V,    

. =2.5 fF/µµµµm2

oxC′

CL=1 pF, VDD=5 V, IREF=0.6 µµµµA. 

Transistor W 

(µm)

L 

(µm)

ID 

(µA)

if

M1,M2, M5-M8 12.5 1 3 15

M3,M4 5 1 3 15

M9,M10 10 1 6 15

M11 25 1 6 15

M12-M14 10 4 0.6 15

M15 6 16 0.6 100

M17, M18 4 4 0.6 15

M16 7.5 50 0.6 100

A FOLDED CASCODE AMPLIFIER  - 2
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IT

ioM1 M2

M3 M4

M5 M6

M7 M8

M9 M10

M11

+ -

IT IT

VDD

GND

to VB3

+

vo

-

CL

vi1 vi2

to VB2

to VB1

to VB4

ISHN ≅≅≅≅ 40 nA, ISHP ≅≅≅≅ 16 nA,   nN ≅≅≅≅ nP ≅≅≅≅ 1.2, 

VEN=VEP=10 V/µµµµm, =2.5 fF/µµµµm2, CL=1 pF
oxC′

Transistor W 

(µµµµm)

L 

(µµµµm)

ID 

(µµµµA)

if

M1,M2, M5-M8 12.5 1 3 15

M3,M4 5 1 3 15

M9,M10 10 1 6 15

( ) ( )1
1 1

2 /
1 1

SHP

m f

t

I W L
g i

nφ
= + − =40 µA/V

Amplifier transconductance

Output conductance

Voltage gain

0 1 / 5,330 V/VV m oA g G= ≅

A FOLDED CASCODE AMPLIFIER  - 3

10 2 6

4 4 8 8

0.6 0.3 0.3

/ / 48 / 0.3 48 / 0.3

7.5 nA/V

ds ds ds

o

ms ds ms ds

o

g g g
G

g g g g

G

+ +
≅ + = +

≅
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IT

ioM1 M2

M3 M4

M5 M6

M7 M8

M9 M10

M11

+ -

IT IT

VDD

GND

to VB3

+

vo

-

CL

vi1 vi2

to VB2

to VB1

to VB4

Transistor W 

(µµµµm)

L 

(µµµµm)

ID 

(µµµµA)

if

M1,M2, M5-M8 12.5 1 3 15

M3,M4 5 1 3 15

M9,M10 10 1 6 15

1 / 40 /1  A/V/pF

                       =  40 Mrad/s

m LGB g C µ= =

ISHN ≅≅≅≅ 40 nA, ISHP ≅≅≅≅ 16 nA,   nN ≅≅≅≅ nP ≅≅≅≅ 1.2, 

VEN=VEP=10 V/µµµµm, . =2.5 fF/µµµµm2, CL=1 pF
oxC′

Gain-bandwidth product

Slew rate

max

6  V/ so T

L

V I
SR

t C
µ

∆
= = =

∆

Offset voltage

( ) ( ) ( ) ( )
2 2

2 2 2 25 9

01 05 09

1 1

m m

OS T T T

m m

g g
V V V V

g g
σ σ σ σ

   
≅ + +   

   

( )

( ) ( )

2 2

0

5 1 9 1

2 2

01,5,9

/ ;     10 mV m

/ 1          / 2

8,  8, 10  mV 7.5 mV

T VT VT

m m m m

T OS

V A WL A

g g g g

V V

σ µ

σ σ

= = ⋅

= =

= → ≅

Pairs M3-M4 & M7-M8 contribute 
negligibly to the offset voltage

A FOLDED CASCODE AMPLIFIER  - 4

(*)

(*) : For this design IT=2.5*ITmin
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IT

ioM1 M2

M3 M4

M5 M6

M7 M8

M9 M10

M11

+ -

IT IT

VDD

GND

to VB3

vi1 vi2

to VB2

to VB1

to VB4

NOISE ANALYSIS

2 2 2 2

1 5 92no n n ni i i i

f f f f

 
 ≅ + +
 ∆ ∆ ∆ ∆ 

PSD of the output noise current

Pairs M3-M4 & M7-M8 contribute 
negligibly to amplifier noise

A FOLDED CASCODE AMPLIFIER  - 5

2
/

(pA/ Hz)

noi f∆

(kHz)f

2.5

10
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