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1-
 

Common Source (CS)
 

Amplifier 

     - High input resistance,
     - High output resistance,
     - High (negative) voltage gain.

Main features:
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+
vDS=vovi 

+

+

RD 

+VDD

 

Basic circuit of a resistance loaded
        common source amplifier.

    The load-line and the output 
current and voltage dynamic ranges
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+
vDS1 vi 

+

+

+VDD

VGS1 

 

M1 

M2 VG2  (load)

 
2

1.5

1

0.5

0
0 2

ID1 (mA) 

VDS (V) 

 dynamic range of 
the output voltageVDS(sat) 

QD

1

Passive PMOS transistor (DC current source) 
                   loaded CS amplifier

                The nonlinear load-line, 
the output current and voltage dynamic ranges 
corresponding to the linear region of the load
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DC Biasing:

 

A 

+VDD

M1

M2 (load) B 

+VDD

M1

M2 (load) B

A

a) Bias the input transistor from the output of the previous stage
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b) Biasing suitable for AC coupling to the signal source

 

R 
Cc 

vi 

+Vbias 
 

L
Cc

vi

+Vbias

For LF and wide-band applications For HF low noise applications
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c) Biasing suitable for DC coupling to the signal source

(The bias resistor or inductor connected to the input is eliminated)

 

vi

VSS = - VBE 



©2012 
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009 

8

The linearisation of the current-voltage relation
and the small-signal equivalent circuit:

2

For a non velocity saturated MOS transistor;

11           ( )   where  
2 1 ( )

DS
D GS T ox

GS T

V WI V V C
V V L
  


 

     

0 0

The Taylor series around the operating point, with only linear terms;

DS GS

D D
D D D GS DS

GS DSV V

I II I I V V
V V

   

 
      

 

0 0DS GS

D D
D GS DS

GS DSV V

I II V V
V V

   

 
    

 
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0

(The control ability of  on  )The transconductance:   

Definitions:

GS D

DS

D
m

GS V

V I
Ig
V

 





0

The output conductance: 
GS

D
o

DS V

Ig
V

 





2

(for small values of )

From the definition;
2 ( )              ( ) (1 )

2 1 ( )

              ( )   = 2m GS

GS T
m GS T DS

GS T

T D

V Vg V V V
V V

g V V I 








 

 
  

   
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For a velocity saturated MOS transistor;

( )

ox

D ox GS T sat

D
m

GS
sat

I kWC V V v
dIg
d

kWC v
V

 

 

Note that;
     - For a non velocity sturated transistor  increases with ,
     - For a velocity saturated transistor  does not change with .

m D

m D

g I
g I
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(for small values of )

From the definition of ;

                             
(1 )

                               

o

o ds D
DS

o ds D

g

g g I
V

g g I 






 


 

The small amplitude signal (small signal) component 
of the drain current can be expressed as;
                                

where  and  are the small signal components of  and
d m gs ds ds

gs ds gs

i g v g v

v v V

 

.dsV

 
+

g 
+

vgs vds

d

gmvgs 
gds 

s 

The equivalent circuit that
represents this expression:
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Example: 
The circuit diagram and the small signal equivalent circuit 
of a resistance loaded amplifier.

g 

+
+

vo

d

gmvgs 
rds

s

RDvi

1,  gs i ds
ds

v v r
g

 

 

+
vDS=vovi 

+

+

RD 

+VDD 

 

The small signal voltage gain: ( / / )

For :                          

o ds D
v m ds D m

i ds D

ds D v m D

v r RA g r R g
v r R

r R A g R

    


 �
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( )

                 2

Note that for a symmetrical dynamic range 
( )1                                

2

v m D D D

DD DS sat
D

D

A g R I R

V V
I

R

  




To obtain a high voltage gain for a certain technology:

                  High ( / )
                  High  (technology limited!)
                  High  (Limits the frequency band)

DD

D

W L
V
R





( )

                                      

                ( )v DD DS sat DA V V R



 



©2012 
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009 

14

Example:
 The circuit diagram and the small signal equivalent circuit 

of a passive PMOS (DC current source) loaded amplifier.

 

+
vDS1 vi 

+

+

+VDD 

VGS1 

 

M1 

M2 VG2  (load)

 

rds2rds1

g1

+
vo

d1, d2 

gmvgs1

s1, s2 

vi

g2

gm2vgs2=0

1 2 1 2
1 2

1 1,   0,  ,  gs i gs ds ds
ds ds

v v v r r
g g

   

1
1 1 2

1 2

The small signal voltage gain:

( / / )
( )

o m
v m ds ds

i ds ds

v gA g r r
v g g

    

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1
1 1

1 1 2 2 1 1 2

In terms of the transistor parameters and ;

21 12
( )

D

v D
D D D

I

A I
I I I


   

   
 

1 2

To obtain a high voltage gain for a certain technology:

                  High ( / ) for M1
                  low  and  (long channel devices)
                  Low  (Limits the frequency band)D

W L

I
 





It must be noted that to adjust the DC operating point 
to approx. ( / 2) the bias of M2 must be fine-tuned!DDV
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CS amplifier with a source resistance, SR

 

+

vovi 

+

+

RD 

+VDD

VGS 
RS  

g 
+

vo

d 

gmvgs

ro

s

RD
+

vi

RS 

vgs 

( )(1 )

  for  
1 )

(
(

)

D
v m

D S
m S

o

m
ov D D

m S
S

gA R
g R

RA g R Rg R
r

r R R 








 

�
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If we compare the gain expressions of a CS amplifier without and with ;SR

  and   
(1 )

m
v m D v D

m S

gA g R A R
g R

   


 

RS  

( ) (1 )
m

m eff
m S

gg
g R




 mg  
( )m effg

                
 

           

VG (V) 
0 0.4 0.8 1.2

0 

0.5 

1.0 

ID (mA)

 reduces and linearizesS mR g
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2. Active Transistor Loaded MOS Amplifier 
    (CMOS Inverter Amplifier)

1 2     - Low input resistance; r 1/ ( ),
     - Low output resistance,
     - Relatively high transresistance  
     - High (negative) voltage gain.
     - Rail-to-rail output voltage sw

Main features:

i m mg g 

ing.
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              If the circuit is biased at Q, 
it can be used as a high gain analog amplifier.

The well-known CMOS logic inverter:

 

Vi (V)  

VDD

VDD/20

Vo (V)

VDD

VDD/2

0

Q

(A) (B) (C)

+VDD 

M2 

M1 Vo Vi 

(a) (b)
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voZL 

+VDD

M2 

M1

RF 

-VSS

vi

+

Biasing the circuit for zero input and zero output quiescent voltages:

 d1, d2 

+

vo RL 
ro1 

s1, s2 

gm2vi

ro2 

g1, g2 

gm1vivi 

RF

The small-signal equivalent circuit
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 g1, g2 

+

vo 

d1, d2

s1, s2 

vi 

RF 

+

GL

LG

og
m ig v  

 

vo 

+
viGF GF i mv g LG

Development of the equivalent circuit:



1 2 1 2 After Thevenin-Norton conversion ,                     m m m o o og g g g g g   

Voltage gain:      m F
v

L F

g GA
G G


 



Input res. L m
i F

L F

G gg G
G G





   for    Li mm F Lg gG g G G  �

1Transresistance:  o o i m F
m v i

i i i m L F

v v v g GR A r
i v i g G G


    



  for   ,F L mm FGR R G g  �
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3. Common Gate (CG) Amplifier:

     - Low input resistance,
    - Very high output resistance,
    - High (positive) voltage gain.

     - Unity current gain.

Main features: +VDD 

RD 

vi 

+
+
vo 

+

+
vo 

(a)

VSG 



©2012 
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009 

23

DC Biasing arrangements:

a) Biasing via an inductor
 +VDD 

RD 

+
vo 

+
vo 

+

vi

CC

Lch

VSG

Lch : High inductance choking coil

Usually not suitable for on-chip solutions!
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b) Determination of the DC quiescent current 
with a current source

 +VDD

RD 

+
vo 

+
vo vi 

CC 

Ibias 

Ibias 

+

+ VG
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1
( )

o m o
v D

i o D

v g rA R
v r R


 



v m DA g R  for   (1/ )  and  m o o Dg r r R� �

1
o D

i
m o

r Rr
g r





 for   (1/ )  a nd  1  m oi
m

o Dr
g

g r r R � �

 

s 

ro 

+
vo 

vsg.gmro vi 

+ d 

g 

+

RD 

+VDD 

RL 

vi 

+
+
vo 

+

+
vo 

ro

+
vo 

gmvsg vi 

+

ii 

s d 

g 

RD

(a) (b)

The small-signal equivalent circuit:
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s 

ro 

+
vo 

vsg.gmro 
d 

g 

+

RS 

Equivalent circuit to calculate the output resistance 
for a  non-zero input signal source resistance ( ):SR

 

( )
  ,   

(1 )

o gs m o
o sg o S

o S

o o S S m o o

o
out o S m S

o

v v g r
i v i R

r R
i r R R g r v

vr r R g R
i


 



  

   

for  1 ou St o mr R gr ��
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     - High input resistance,
     - Low output resistance,
     - Unity (positive) voltage gain.
  

Main features:

4. Common Drain Amplifier (The Source Follower):
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+VDD 

+ RS 

vi

+
+
vo 

ID

   GG

GS D S

V
V I R




g 

+
vi 

RS 

ro

vo

+

+ gmvgs 

s

d

vgs 

 g s

+
vi 

gmvgs

d

vgs+ +

vo

RS //ro 

,  ( / / )
1

   for 1  1

m
v o S

m

mvA

g RA R r R
g R

g R 

 


�
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sg

gmvgs 

d

vgs+
+

vo io

RS //ro 

1
o

o
o m

v Rr
i g R

 


 for   11
mo

m

r
g

g R �

Equivalent circuit to calculate the output resistance:
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+

+VDD 

vi

+
+
vo

Id = ID + id 

VG1 M2

(-)VSS 

M1

RL 

id(+)

i d(-)

VG2
ID 

 

+

+VDD 

vi 

+
+

vo

Id = ID + id 

VGG ID

(-)VSS 

For zero output quiescent voltage:

1 2 2

1

2 2

1

 For  0 ;   , = constant, 0

 For negative peak of  ( ) ; 0,  
  Saturation condition for M2: ( ) ( )

ˆ For positive peak of  ( ) ;  2

i D D D D o

i i i D o D L

DS SS D L GS T

i i i D

v I I I I v

v v v I v I R
V V I R V V

v v v I I

    

    

   

  

 

 1 1

ˆ,  
ˆ ˆ  Saturation condition for M1: ( )

D o D L

DS DD o G i T

v I R

V V v V v V

 

      



©2012 
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009 

31

     - Differential  single-ended input,
     - Diffe

or
orrential  single-ended output,

     - High input resistance,
     - Low  high ouor t

Main features:

5. Differential Amplifier (The Long-Tailed Pair ):

put resistance,
     - High voltage gain  high transconductanc and e.
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vi 

ov
++

+

+ vo 

   '  ,   o v i o v iv A v v A v     

    Single-ended input, 
two single-ended outputs

+

+
( )od o ov v v 

    ,  = 2  od vd i vd vv A v A A  

    Single-ended input, 
    differential output

Differential amplifier configurations:
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vo ++

+

+
+

vi 

oviv

' ' '( )  ,   ( )o v i i o v i iv A v v v A v v        

Two single-ended inputs, 
two single-ended outputs

+

+vid /2

vod 
+

-vid /2

              od vd idv A v  

Differential with respect to ground inputs, 
                  differential output

 +
+

vod vid 

                 od vd idv A v  

Differential input, differential output
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a) Resistor loaded long-tailed pair
Typical circuits:

 +VDD 

(-)VSS

M1 M2

RL1 RL2 

+

+ 

+
+

vi1 
vo1 vo2 

IT rT 

vi2

i1 i2

1 2 1 2

M1 and M2 are identical.

For 0,  0;   
2

Transconductances of M1 and M2:    ,  

T
i i D D

m N T N n ox

Iv v I I

Wg I C
L

  

   

 

 +VDD 

(-)VSS 

M3

M1 M2

RL RL

+ 

+ 

+
+

vi 

VBT 

vo 
ov

iv ov
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(-)VSS 

M1 M2

RL1 

+ 

vi1 

rT 

RL2 

+VDD 

i11 i21

ri2 

IT 

1 2Redrawn for 0 ,  0 :i iv v 

1 2 2

( )
1

The source load of M1:
1  = / /

The effective transconductance of M1:

1 2

S T i i
m

m m
m eff

m S

r r r r
g

g gg
g r

 

 


11 1 21 11 1,  
2 2
m m

i i
g gi v i i v    

2 1 22 2 12 22 2Similarly for 0 ,  0 :   ,  
2 2
m m

i i i i
g gv v i v i i v      

1 11 12 1 2 2 21 22 1 2

Under small-signal conditions, with superposition;

( ),  ( )
2 2
m m

i i i i
g gi i i v v i i i v v        
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'
1

' ' '
1

Single-ended output voltages of M1 and M2:

( )
2

( )
2

m
o L L i i

m
o L L i i

gv R i R v v

gv R i R v v

    

   

' '

Differential output voltage:
( ) ( )o o L m i iv v R g v v   

'
'

' '

Voltage gains from differential input to single-ended outputs:
1 1,   

( ) 2 ( ) 2
o o

v m L v m L
i i i i

v vA g R A g R
v v v v

    
 

'

'

Voltage gain from differential input to differential output:
( )
( )

o o
vd m L

i i

v vA g R
v v


  

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 +VDD 

M2 M12

+ 

vo 

(-)VSS 

M3 

M1 M11 + +
vi 

VBT 

M4 M14

M5 M15

iv

+

ov

b) Differential OTA with diff. voltage input, diff. current output: 

(not necessarily equal to un

- Quiescent currents of M4-M5 and M14-M15 are equal.
- Quiescent output voltages are zero.
- Signal currents of M1 and M11 mirrored to M4 and M14.
- Mirroring coefficient :  B ity).

1

'
1

1 ( )
2

1 ( )
2

o m i i

o m i i

i Bi g B v v

i Bi g B v v

   

     

'

'

The differential transconductance:
( )
( )

o o
md m

i i

i iG g B
v v


 

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 +VDD 

(-)VSS 

M3 

M1 M11 

M2 M12

+ 

+
+

vi 

VBT 

i1
i2=i1 

IT 
iv ov

io=(i1-i11)

i11

c) Differential input, single ended output long-tailed pair:

12 ( )o L m L i iv i R g R v v     

( )
o

v m L
i i

vA g R
v v


 



- Signal current of M1 mirrored to M12.
- Load current is the sum of load currents of 
  M2 and M12.
-The output signal voltage:

(Widely used as the input stage of op-amps)
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The Large Signal Behavior of the Long-Tailed Pair

 +VDD 

(-)VSS 

M3 

M1 M2

RL RL

+ 

vid 

VBT 

I1 I2 

1 2

2 2
1 1 2 2

1 2
1 2

1 2
1 2 1 2

For 0;    
1 1( )  ,    ( )
2 2

2 2( )   ,    ( )

The differential input voltage;

2 2

id

gs T gs T

gs T gs T

id g g gs gs

v I I
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The common-mode gain of a differential amplifier

- The tail current source of a differential amplifier is never ideal; 
  has a finite internal resistance.

- If a same signal (the common mode input signal) is applied to 
  both of the inputs, an output

2 1

 voltage appears at both outputs.

- The ratio of this output voltage to the common mode input voltage
  is called as the "common mode gain" of the amplifier; /  or /o ic o icv v v v
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- If the input signals are different but have a common component,
  the voltage at an output node is the sum of a common mode signal 
  related component and a differential signal related component.

2

2

- The common mode gain can be calculated as
1                2 2(1 2 )

o L
vc m L

oT Lic oT
oT m

o

v RA g R r Rv rr g
r

    


 

- The ratio of the differential gain to the common mode gain is called 
  as the "Common-Mode Rejection Ratio" (CMRR):

                                     2  vd
m oT

vc

ACMRR g r
A

 
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The Common Mode Feedback

The CMFB helps to eliminate the common-mode components at the outputs,
as well as to clamp the DC voltages of the output nodes to a reference value.  

 

(-)VSS 

+ 

- Σ

VREF 



©2012 
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009 

44

 

0 

VoQ 

vo1 

voCM 
VoP voCM 

 0

vo2

 

2.VoP 

 0

vo1-vo2 

2.VoQ 

2.voCM

 0  

vo1+vo2 

The output voltages with their diff. and C.M. components
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