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We get

Small Signal

  CS-1Current Sources

We want

ideal

Large signal DC Current
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CS-1a
Ideal Current Source
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  CS-2

0.6 VT=0.7 0.8
Nominal

VBIAS

VDD

R1

R2

IDS1
W
L
----- k'

2
--- VBIAS VT–( )2⋅ ⋅=
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  CS-3Simple Source (Cont.)
Diode Connected Transistor :

VD

bipolar diode exponential

diode connected transistor quadratic

VT VD

ID

VDS VGS V T }  After we reach the point VD V T, the transistor will always be in Sat.>–>
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  CS-4Simple Source (Cont.)

if                       ,  then 

otherwise  

,

IDS1
W
L
----- 

 
1

k′
2
---- VGS1 V T–( )2⋅ ⋅=

IDS2
W
L
----- 

 
2

k′
2
---- VGS2 V T–( )2⋅ ⋅=

W
L
----- 

 
1

W
L
----- 

 
2

= IDS1 IDS2=

IOUT IDS2=IREF IDS1=

IOUT IREF

W
L
----- 

 
2

W
L
----- 

 
1

------------⋅=
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  CS-5Simple Source (Cont.)

IDS1 IREF

VDD VGS1–
RREF

----------------------= =

Current Calculation :

Analysis :

V∆ VDSAT=

IREF VDD VT– 2 IREF⋅

k′ W
L
-----⋅

---------------
 
 
 
  1

2
---

–=

VGS1 VT
2 IDS1⋅

k′ W
L
-----⋅

--------------
 
 
 
  1

2
---

+ VT V∆+= =

VOUT

Iterative Solution !
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Design :

RREF

VDD VGS1–
IREF

----------------------

VDD V T– 2 IREF⋅

k ′ W
L
-----⋅

---------------
 
 
 
  1

2
---

–

IREF

-----------------------------------------------= =

IREF 10µA= VDD 5= VT 0.7=

RREF 415kΩ=

,             ,  

( Pretty Big! )

  CS-6Simple Source (Cont.)

k' 90 10 6–×=



EECS140 ANALOG CIRCUIT DESIGN LECTURES ON CURRENT SOURCES

  CS-7Simple Source (Cont.)
Small Signal :

ROUT
ROUT

ROUT ro

1
λ IOUT⋅
---------------= =

IOUT 10µA=

λ 0.01=

ROUT 10MΩ=

NMOS         current SINK 
PMOS          current SOURCE

R

VDD
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  CS-8Simple Source (Cont.)
Bipolar : 

RREF IOUT

VCC

VBE ON( ) 0.6≈

ROUT

VA

IOUT

-------=

IOUT
VCC VB E O N( )–

RREF

---------------------------≈
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  CS-9Simple Source (Cont.)
How to make          better (ie. larger) ?   ROUT

Degeneration?

IREF RREF

VDD

RS
RS

VS

ROUT ro 1 1 x+( ) gm RS⋅ ⋅+[ ]⋅=

NOT AT GROUND

VT VTo γ V SB 2 φ f⋅+( )
1
2
---

2 φ f⋅( )
1
2
---

–[ ]⋅+=

Not a very efficient way to get   high          too much area for resistor.ROUT

Better method is to use transistors instead of resistors.

VOUT VDSAT IOUT RS⋅+>
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CS-10          Cascode Source

IREF

IOUT

RREF

V T 2 VDSAT⋅+

2 VT VDSAT+( )

VT VDSAT+

M2

V T VDSAT+

VDD

M1

Let             or tie all wells to sourcesγ 0=

for EOS
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CS-11          Cascode Source (Cont.)

VGS VT VDSAT+=

V∆ 2 IDS⋅

k' W
L
-----⋅

-------------
 
 
 
  1

2
---

=

IREF

VDD 2 VT VDSAT–( )⋅–
RREF

------------------------------------------------=

IDS

V T 2 VDSAT⋅=VDSAT

M1

M1

M2

M2&

M1 M2& in SAT

SAT
LINEAR

in LINEAR

VOUT
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CS-12          Cascode Source (Cont.)
Rout  for Cascode Source :

ROUT

M2

ro1

IOUT

ROUT ro2 1 1 χ2+( ) gm2 ro1⋅ ⋅+[ ]⋅=

1 χ2+( ) gm2 ro1 ro2⋅ ⋅ ⋅≈

λ 0.01=

IDS 10µA=

γ 0=

W
L
----- 5=

ro

1
λ IDS⋅
-------------= gm2 2 k′ W

L
----- IDS⋅ ⋅ ⋅ 

 
1
2
---

= 10 4–≈

ROUT 10 4– 1
0.1 10 5–⋅
--------------------- 

 
2

10 10Ω≈⋅≈

gm2

2 IOUT⋅
VDSAT

---------------= VDSAT 0.2V≈

ROUT
1 χ2+( )

λ2
------------------- 2

VDSAT( ) IOUT( )⋅
--------------------------------⋅=
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CS-13
Triple Cascode :

IOUT

M2

M3

M1

ROUT 1 χ2+( ) 1 χ3+( ) gm2 gm3 r o1 ro2 ro3⋅ ⋅ ⋅ ⋅ ⋅ ⋅=

HUGE!!

          Cascode Source (Cont.)
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CS-14          Cascode Source (Cont.)
Problem with Cascode is the                 drop required for saturation.
High Swing Cascode is the solution

VT 2 VDSAT⋅+

IOUT2 V T VDSAT+( )⋅

VDSAT

IREF

2 VDSAT⋅

V T

for EOS
+ -

2 VDSAT⋅
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CS-15          Cascode Source (Cont.)
How to implement Battery?

VBIAS

AC Coupling
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CS-16          Cascode Source (Cont.)

M1

1
4
--- W

L
----- 

 
1

⋅

W
L
----- 

 
1

W
L
----- 

 
1

W
L
----- 

 
1

W
L
----- 

 
1

W
L
----- 

 
1

IREF
2 V T 3 VDSAT⋅+⋅ VT 2 VDSAT⋅+

V∆

VDD

IOUT

VDSAT 1
2 IREF⋅

k′ W
L
----- 

 
1

⋅
---------------------

 
 
 
 
  1

2
---

=

2 VDSAT1⋅=

2≈ VDSAT⋅

VDSAT 2
2 IREF⋅

k′

W
L
----- 

 
1

4
------------⋅

---------------------

 
 
 
 
 
 
 
  1

2
---

=
M2
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CS-17
          Cascode Source (Cont.)

Power Reduction :

+
-

+
-

IREF

V out

RREF

VDD

IOUT

VGS1 VGS2

M2M1

If we want Iout = 1mA,
then we can either:
a) Set (W/L)1 = (W/L)2
    and IREF = Iout
b) Ratio (W/L)1 and (W/L)2
     so that IREF < Iout, e.g. set
          (W/L)2=100(W/L)1so that
     IREF  = 10µA

The tradeoff is between power and area.
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CS-18
Wilson Source

IOUT
IREF

VDS3

vgs2
M3 M2

M1

(or resistor)

VDS3 2 VT VDSAT+( )⋅=

IOUT IREF=

Assume γ 0=

Equivalent to Cascode
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CS-19Wilson Source (Cont)

ro1

ν t

gm1νgs1

νgs2 i t
1

gm2

------⋅=gm3νgs2ro3

itr o3–
it

1
gm2

------

ROUT

i t= -

+

Small Signal Analysis :

gm1 gm2 gm3 gm= = =

ν t it ro⋅ gm1 νgs1 r o1⋅ ⋅– it
1

gm2

------⋅+=

νgs1 it r o3⋅– i t
1

gm2

------⋅–=

ν t it r o1 gm ro1 ro3⋅ ⋅+( )            ROUT;⋅ r o1 1 gm ro3⋅+( )⋅= =
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CS-21Wilson Current Source

IO
IREF

M3 M2

M1

VDD

IDS1
1
2
--- µ COX

W
L
----- VGS VT–( ) 2 1 λ VDS⋅+( )⋅ ⋅ ⋅ ⋅ ⋅=

with λ 0=

IO IREF=

assuming same W/L and

VGS3 VGS2=
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CS-22

For this we must apply the small signal analysis,
it is not correct to calculate Rout as for a common source 
with degeneration :

Wilson Current Source (Cont)
Rout :

NO!
Vin

RS

Rout

ROUT r o 1 gm RS⋅+( )⋅=
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CS-23Wilson Current Source (Cont)

ro1

gm1νgs1

νgs3

gm3νgs3

ro3

iO

1
gm2

------

RO

-

+

assume  gm1 gm2 gm3 gm= = =

νgs1

-

+

M2 diode
connected : 1

gm

-----

ROUT

iO gm νgs1⋅
νO νgs3–

r o1

------------------+=

gm νgs1⋅
νO νgs3–

r o1

------------------+ νgs3 gm2⋅=

νgs1 νgs3+
ro3

--------------------- gm νgs3⋅+ 0=

νO

iO

----- r o1 2 gm ro3⋅+( )⋅=
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CS-24

IO
IREF

M3 M2

M1

VDD

IDS1
1
2
--- µ COX

W
L
----- VGS VT–( )2 1 λ VDS⋅+( )⋅ ⋅ ⋅ ⋅ ⋅=

with λ 0≠

IO IREF≠

VDS2 VGS2 VGS= =

Wilson Current Source (Cont)

+

-

+

-

2 VGS⋅ VGS

VDS3 2 V⋅ GS=

IDS2

IDS3

------- 1 λ VDS2⋅+
1 λ VDS3⋅+
-------------------------- 1 λ VGS⋅+

1 2 λ VGS⋅ ⋅+
--------------------------------= =
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CS-25Wilson Current Source (Cont)

To solve the matching problem,

IOUT
IREF

M3 M2

VT VDSAT+ VT VDSAT+

IO IREF=

RO  same as before=
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CS-26Widlar Current Source

IR
IO

R

Q1 Q2

ROUT

IO =

VBE1 VBE 2 IO R⋅+=

VBE VT
IC

IS

----     so,ln⋅=

VT
IR

IS1

-----ln⋅ V T
IO

IS2

-----ln⋅ IO R⋅+=

IO R⋅ V T
IR

IO

---- IS2

IS1

-----⋅ 
 ln⋅=

IO
VT

R
----- IR

IO

----  solve iterativelyln⋅=

for BJT

ROUT =

for emitter degenerated BJT

ROUT rO 1 gm R rπ||( )⋅+[ ]⋅=
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CS-27Low Current Bias Circuit (bipolar)

IR

IO

R

Q2

+

-

+
-VBE2

VBE1

Q1

Very low IO  nanoamps∼

VB E1 VBE2 IR R⋅+=

V T
IR

IS1

-----ln⋅ V T
IO

IS2

-----ln⋅ IRR+=

let IS1 IS2=

IO IR

IR R⋅
VT

------------– 
 exp⋅=

for  IR 10µA= R 12kΩ=

IO 100nA=

ROUT r o2=

allows low Io with reasonable values of R
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CS-28

+
-

+
-

IREF

V out

RREF

VDD

IOUT

VGS1 VGS2

M2M1

Supply Independent Biasing

IOUT IREF=

IREF

VDD VGS–
R

---------------------=

Hence, IREF depends on the supply
voltage VDD. If the supply is a 
battery or similar device, then this
will change over time, causing the
reference current to also vary with
time 
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CS-29Supply Independent Biasing (Cont.)
Vt - Referenced Self-Biased Circuit :

R

IaIR

IL

M1

M2

VGS1 IR R⋅ VDSAT= =

2 IL⋅

µ COX
W
L
----- 

 
1

⋅ ⋅
-------------------------------- VT1+=

assume W
L
-----

1
 
   >>1 , Vdsat is then negligible

IR
VT1

R
------≈

IO IR

V T1

R
------= =

IL IR=



EECS140 ANALOG CIRCUIT DESIGN                                                                                                                                                                                                                CURRENT SOURCES

CS-30Supply Independent Biasing (Cont.)
For most self-biased circuits, there is a startup problem:

Operating Point

Resistor     Offsets
or Here

IR

VT1

R
------

R S IL

IL

IV curve from bottom half of source

Soln : add RS to top mirror

RS

IaIR

IL

IL IR ∆I+=
∆I
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CS-31Supply Independent Biasing (Cont.)

RQ1

IOUT

IR

IL

M3

VEB

VGS2VGS1

M5
M4

M2M1
-

+

-
+

-
+

IOUT IL=

VEB1 VGS1+ VGS2 IR R⋅+=

M1 & M2 matched

VGS1 VGS2=

VEB1 IR R⋅=

IR IOUT=

IOUT

VEB

R
-------

V thermal
Iout

IS

-----ln 
 

R
------------------------------ 5

R
---
·

≈= =

Vbe referenced
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CS-32Supply Independent Biasing (Cont.)

TC parts per million/degree C ppm/°C 

∆I
I

------ 
 

∆T
----------- 1

IOUT

-------
T∂

∂IOUT⋅ 
 = = = =

IOUT

VEB1

R
--------=

T∂
∂IOUT 1

R
---

T∂
∂VEB VEB

R 2
-------

T∂
∂R⋅–⋅=

TC 1
VEB

-------
T∂

∂VEB 1
R
---

T∂
∂R⋅–⋅=

With Temperature Fluctuation
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CS-33Supply Independent Biasing (Cont.)
Vthermal  referenced Self-Biased Circuit :

RQ1

IOUT

Q2

VDD

n times bigger emitter

IS2 n IS1⋅=

IOUT R VEB2+⋅ VEB1=

IOUT R VT
IOUT

n IS1⋅
------------ 

 ln⋅+⋅ VT
IOUT

IS1

------- 
 ln⋅=

IOUT R⋅ VThermal n( )ln⋅=

IOUT
V T

R
----- n( )ln⋅=
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CS-34Cascode - Self-Biased Source

R

IOUT

n

VDD

Standard Cascode

Vthermal
Reference

IOUT VT
n( )ln

R
-------------⋅=

ROUT gm r o
2⋅∼
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CS-35Current Source Load

M1

IL
R L

VDD

VOUT

ν in
RREF

VDD

ν in

νOUT

M2

M1

or any other current source 
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CS-36Current Source Load (Cont.)

ro1

1
λn IL⋅
-------------=RL ro2

1
λP IL⋅
-------------= =

ROUT R L r o1|| ro2 ro1||= =

Aν gm– r o1 r o2||( )⋅= λn λp=If

gm

2 IDS⋅
VDSAT

-------------= Handy Formula

Aν

2 IL⋅
VDSAT

-----------–
1

2 λ IL⋅ ⋅
-------------------–

1
λ VDSAT⋅
------------------– 1

IL

1
2
---

---∝= =
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CS-37Differential Pair with Current Source Load

Double to single ended conversion without loss :

ISS

VDD

νid

2
-----

νOUT

M2M1

M3 M4

ν id

2
-----–

iOUT

νS
ids2

ids4

ids1

Calculate 

ν id

2
----- νS– 

  gm⋅ ids1 ids3 ids4= = =

GM

ids2

ν id

2
-----– νS– 

  gm⋅=

iOUT ids4 ids2–
ν id

2
----- νS– 

  gm⋅
ν id

2
-----– νS– 

 –= =

iOUT gm ν id⋅=

GM
iOUT

ν id

------- gm= =

by current
source connection
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CS-38

Rout for Differential Pair :
Differential Pair with Current Source Load (Cont.)

RO2

ν tM2M1

M3 M4
i t

ν sg3 ids4

+-

-
+

RS2

1
gm 1 χ+( )
-----------------------=

r o4

gmνsg4

RO2 r o2 1 1 χ+( ) gm RS2⋅ ⋅+[ ]⋅ ro2 2[ ]⋅= =
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Differential Pair with Current Source Load (Cont.) CS-39

it ids2 ids4–=

ids4 gm ν sg4⋅
ν t

r o4

-----–=

ν sg4 ν sg3
1
gm

----- 
  ids1⋅ ids2– 1

gm

----- 
 ⋅= = =

g– m ν sg4⋅ gm– ν t

2 r⋅ o2

------------ 1
gm

-----⋅ ⋅
ν t

2 r⋅ o2

------------–= =

ids4

νt

2 r⋅ o2

------------–
ν t

ro4

-----–=

it ids2 ids4–
ν t

2 r⋅ o2

------------ ν t

2 r⋅ o2

------------ ν t

ro4

-----+ += =

ROUT

ν t

i t

---- r o2 r o4||= =


