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Current & Voltage References 
 
 

why do we need voltage/current reference

VCODCV

if this VDC varies as your power supply varies, you are in trouble 
 
 
 
 
Current Sources 
 
 

DDV

refI
2DI

neglecting finite output resistance

refDD III == 12

since both transistors have same VGS

what you need as a current
reference is a current source2DI
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OR

* ID does not change with changing VDS2

(infinite output resistance) DSV

* ID does not change with temperature

* There is always a gain error






 = 12

ref

D
I

I

1)  systematic gain error

you can calculate it as due to
ckt topology you have slight
gain error

2)  random gain error

due to process variation transistor mismatch in VTh

can do only statistical analysis 

 

* current sources always create a positive voltage drop  (VIN)

we want to minimize VIN   especially for low-bias application

DDV

INV outVoutI
DDIN VV <<

sometimes we use more than one input terminal
( cascode current mirror )  to be able to operate
at low VDD

* A positive output voltage Vout is needed such

that refD II ~ ↓minoutV maximize range of output voltage
constRwhichat ≈0  
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Simple Current Mirror 
 

DDV

INI=

2M1M G

2Dout II =

S
outV

often we say this is a diode
connected transistor
(while there is no diode when
you short-ckt MOS drain to gate!)

2

2
2

'

2









=−

L
Wk

I
VV D
ThGS

:'k transconductance parameter µ~

↑↓ Tasµ

so ID is a function of temperature

2
2

2
2

1
1

1
121

'

2

'

2









+=








+⇒=

L
Wk

I
V

L
Wk

I
VVV D

Th
D

ThGSGS

identical transistors :
operating in active
mode with infinite
output resistance!

21

21

21

''







=








=
=

L
W

L
W
kk
VV ThTh

21 DD II =

INout II =

In practice  if devices are not identical

( )
( ) INout I
L

W
L

W
I

1

2= transistors can be ratioed to get gain    <   >   1

drawneffS LnotLasL'

L

µ5.018.013.0 technology  
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So far we assumed drain current is independent of drain-source voltage

In active region    ID  increases   as   VDS  increases

this is characterized by output resistance  
 
 
 

AV

DI

DSV

early voltage
22

1

DD

A
O II

V
R

λ
==

we know this parm as channel length modulation factor

the good thing about MOS is
that by increasing L (keeping
W/L  the same)  you can
improve output resistance

1
1

−









==

DS

d

D

eff

D
O dV

dX
I
L

I
r

λ

 

 
 
 
 
 

( )
( ) 







 −
+=

A

DSDS
INout V

VV
I

L
W
L

W
I 12

1

2 1  

 

systematic gain error of a simple current mirror

A

DSDS

V
VV 1−

=ε
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The minimum output voltage needed to keep M2 in saturation region

( )
2

min22
'
2

L
Wk
I

VVVV out
outThGSDS =⇒−>

Vout min  depends on transistor geometary

outI

outDS VV 2

minoutV

 
 
 

if you reduce ThGS VV −2

you can still keep Iout high enough by increasing ( )
2L

W

but there is a limit as you enter weak inversion instead of strong inversion

transistor goes to subthreshold ThGS VV ~

at weak inversion TThGS VnVV 2~2 −

ideality factor

thermal voltage

q
KTmVV

n

T ==

≈

26

5.1
mVVV Tout 783min ≈=

εαα ,,,,,
6

minoutINoDD VVrTV
parms

systematic gain error  
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Cascode Current Mirror 
 

DDV

INI
outI

4M

3M

2M

1M

2or

1or

output resistance increases as
you go to cascode topology

( ) 1122 1 oomoo rrgrR ++=

Problem: Vout min  increase outI

outV

minoutV

M1 & M2
in triode

M1  active
M2  triode

you can stack more transistors to get higher output resistance  

3M

2M

1M

( ) 22333 1 oomoo RRgrR ++=

( ) 11222 1 oomoo rrgrR ++=

Ω= Mro 1

50~om rg
Ω== GrgrgrR omomoo 5.2122333

50 50 ΩM1

you can stack more transistors to get higher output resistance
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of course parasitic leakage path such as substrate leakage path is
comparable to the output resistance

DDV

INI

4M

3M

2M

1M
2431 gsgsgsds VVVV −+=

diode connected 3M 33 gsds VV =

if 42 GSGS VV =

31 DSDS VV =

M1 & M3 are identically biased
therefore systematic gain error 0=ε

in practice 42 gsgs VV ≠ because of channel length modulation

0~ε  
 

* input voltage

43 gsgsIN VVV +=

ignoring body effect and assuming transistors with identical overdrive ThGS VV −

( )
3

'
222
L

Wk
IVV D

ThIN +=

0>SBV
↑ThV

body effect

make it difficult to design
input current source with
low power supply
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* for both M1 & M2  to operate in active region

331 gsDSDS VVV =≈

M2 active ( )
2

22
'
2

L
Wk
IVVV D

ThgsDS =−>

( )
2

3min21min
'
2

L
Wk
IVVVV D

gsDSDSout +=+=

( )
3

3
'
2

L
Wk
IVV D

Thgs +=

( )LWk
IVV D

Thout
'
22min +=

problem is now you have to at least
have VTh  at your output

( )LWk
IV D

out
'
2

min =

for simple current source

 
 

minoutout VV <

( )LWk
IV D

out
'
2

<

M2 in triode

M1 in triode

( )LWk
ID

'
2

( )LWk
I

V D
Th

'
2

2+ outV

outI outI
almost flat due to very high
output impedance provided
by cascode

( )LWk
I

VV D
Thout

'
2

2min += is too high for low power design
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VTh  comes because
331 gsDSDS VVV ==

if you could bias VDS1  at lower voltage (VTh  lower)
then M1 would be still in active region

DDV

ThV

this battery introduces a level shift

but we do not have battery
to get the level shift we  use source-followers

 
 
 

DDV

( )LW4
1 4M

3M

2M

1M
( )LW

( )LW

( )LW
( )LW

( )LW
6M

5M

( )LWk
I

V D
out

'
2

2min =

M5  source follower biased by M3, M6  simple current source

( )LWk
I

VV D
ThIN

'
2

32 += limits the minimum power supply you can use

systematic gain error
A

Th

A

DSDS

V
V

V
VV −

≈
−

= 31ε

smaller W/L  ratio selected due to body effect  to ensure proper operation
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Wilson Current Source 
 

DDV

outI

4M

3M

2M

1M

( ) 232

3
31

222
1

1

111

oom

o
om

omo
m

O

rrg

r
rg

rgr
g

R

+≈









+++=

output resistance is
as high as cascode

0=ε systematic gain error
without M4

A

GS

A

DSDS

V
V

V
VV 231 −

=
−

=ε( )

( )LWk
IV

L
Wk
I

VV

D
Th

D
gsout

'
22

'
2

2

1min

+=

+=

( )LWk
IVVVV D

ThgsgsIN
'
22221 +=+=

 

 

* you can use current source
bias a transistor

active load much more compact than resistor
give you high eq. res high gain

example: DDV

refI
outV

iV

use PMOS
in a simple
current source
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Sensitivity to Power Supply 
 
 
 

DDV

outI
R

 
 
 
 

definition of sensitivity
x
y

y
x

xx
yyS yx ∂

∂
=

∆
∆

= lim

R
VVII GSDD

INout
−

==

0→∆x

 
   
 

11
≈

−
=⋅

−
=

∂
∂
⋅=

GSDD

DD

GSDD

DD

DD

out

out

DDI
V VV

V
RVV

RV
V
I

I
VS out

DD

how Iout varies as supply
voltage varies slightly

assuming  VDD  >> VGS

 

 
 
 

Simple current source should not be used
if bias independent current source is desired 
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Another Example 
 

DDV

outI

1M

2M

1R INI

2R

Threshold referenced current source
(VTh - referenced)

( )
2

1

2

1
'
2

R
L

Wk
I

V

R
V

I

D
Th

GS
out

+

==

by selecting sufficiently low input
current and large  (W/L)1 :

( ) Th
D V
L

Wk
I

<<
1

'
2

 
 
 

output current becomes independent of power supply

( ) ( )
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V V

I
I
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I
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I
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V
I

I
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DD
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1

12

1

12

R
VVV

R
VVVI ThThDDGSGSDD

IN
−−

=
−−

=

small current
large W/L ratios 1≈⇒ IN

DD

I
VS

Assuming VVDD 5.2=

VVTh 7.0=
Ω= KR 501

24106.1' VAk −×=

25
1

=






L
W

AVI IN µ20
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1
1050

7.07.05.2
33 =

×
≈

×
−−

≈

( )
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L
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10407.0

'
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=+=
××

×
+=

+=
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%6.6
16
11

8.02
7.08.0

==×
×
−

=out

DD

I
VS

Still bias dependent but it is better than
simple current source where S=100 %  

  
 

A
K
V

R
VI GS

out µ100
8

8.0

2

1 =
Ω

==

VV
L
W

GS 8.0125 2
2

=→=







 

 
 

how to completely remove the sensitivity to power supply

 use a technique called  bootstrap bias = self bias  
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DDV

outIINI

what if IIN is a mirror of Iout

 
 

DDV

4M

1M 3M

6M

INI 2BiasI

1BiasI

5M
outI

R

2M

current
mirror

ckt
implementation

current
source

 
 
 

by adjusting M6 and M3 sizing you can get

any current you wish for Bias 2  &  Bias 1

undesired

desired
operating point

outI

INI

IIN=Iout    current mirror characteristics (PMOS  s)’

current source characteristics (NMOS  s)’

need a start-up ckt to avoid zero current state  
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DDV

4M

1M

5M

R

2M

DDV

8M

9M

7M

inverter

6M

3M

self biasing
implementation
with start-up ckt

 

 
 
 

in case of zero state current, the voltage across R is zero
Then output of inverter M7 & M8 is VDD which turns
M9 on into saturation which turns on M5 to conduct   
go to other stable solution  

 

outI

refI

INI  

 
 

at IIN=Iout=Iref  the voltage  Iref R  across R results in
inverter output to be zero therefore turns off M9 but
M5 current continue to pass through  M2 and R  
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Now that we have made supply independent current
sources, what about temperature sensitivity?

self-biased  current source

( )
R

LWk
I

V
I

IN
Th

out
1'

2
+

= outI=

unfortunately VTh is a strong function of temperature

°
−

≈
∆
∆

C
mV

T
VTh 2

 
 

 

There are other ways to make current sources
such that IBias is not a function of VTh  

 

DDV

BiasI

R

PNP 1 PNP 21 n

sinc ratio       by sizing the emitter areas n:1
1
n
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So far we only talked about CMOS
Here we are using bipolar pnp transistor
The good news is we can use parasitic pnp bipolar
transistor in an only CMOS technology
How  

 
 
 

p+ n+ n+ n+ p+ p+ n+ p+

n-well substrate PNPn-well

DDV PMOS
G

NMOS
G

P-sub

collector is always grounded

but it is OK  for our circuit  
 
 
 
 
current in bipolar transistors has
an exponential dependent to input voltage

EO
TBE

T

BE
EO AJ

IVV
V
V

AJI lnexp =→







=

dark current
density emitter

area temproomatmV
q
kTvoltagethermal 26==

do not confuse with threshold voltage  
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How does the ckt work 
 
 

1Q

R

2Q n
E

1

B
 

 

assuming identical MOS transistors

PMOS current mirrors

outIN II =

EO

out
Tout

EO

IN
T

BEoutBE

nAJ
I

VIR
AJ
I

V

VIRV

lnln

21

+=

+=

 

 

( )n
R
V

I

I
I

nVIR

T
out

out

IN
Tout

ln

ln

=









⋅=

current mirror

 

 
 
 
again Iout is independent of bias (VDD) but still a strong function of temperature 
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How to make temperature independent bias 
 
 
 
Temperature Coefficient (TC) of Iout 
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∂
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assuming R with a temp coefficient of    + 1500
C

ppm
°

C
ppm

C
ppm

C
ppmTCIout °=°−°= 180015003300

positive temp coefficient of
the resistor slightly compensates
for temp coefficient of thermal
voltage but it is not enough

Kat 300
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Temperature Independent Biasing 
 
 

1R

2Q 1Q

2R

3R
A

outV
CMOS
based

( ) 221
3

2 1 EBEBEBout VVV
R
R

V +−







+=

TCve
VT

+
∝

emitter base voltage

TCve
C
mVTC

−
°

−
≈

2

cancel each other  
 
 









×=








×=−=∆

1

2

2

1

1

2

2

1
21 lnln

E

E
T

S

S
TEBEBEB A

A
I
IV

I
I

I
IVVVV

dark current  
 

EBV∆to get a high                we force a small current into
a large transistor and a large current into  a small transistor 
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Bandgap Reference Circuit 
 

 
 

C
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°− 2

T

BEV

MVT generator
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TVM

1I )(onBEV
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=×+=

+= TonBEout MVVV
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