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Non-idealities in Current Mirror
Cascode Current Mirror
Current Mirror Configurations
Examples
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Now let us take the generic equations for the following current mirror

Voo 1
[IREF Zlunl oxl( )(\/051 T1)2]
I rer out

| 4 i 2
|.;L‘ M, : Eou 2,Un2 oxz( ) (Vas2 — Tz)}\
' \

‘Even if these transistors are identical and have been fabricated on\/
the same chip [thus practically possessing similar parameters such
as Vy, 1, C.,J, there are three effects that causes current mirror to
_ be different from ideal situation

: )
[

These effects are: (a) Channel Length Modulation, (b) V; offset between ]

the two transistors, (c) Imperfect Geometrical Matching
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Current Mirror (contd.)

Channel Length Modulation Effect

 Assuming all other aspects of the transistor are ideal and the ratio of
aspect ratios of both the transistors are unity then:

Iout _ 1+ X'VDSZ
I REF 1+ lvDSl

(tis assumed that) (It is apparent that the difference in )
) is the same for Vs causes deviation from the ideal

L both M1 and Mz ) unity currer.mt ga!n or current
\_ mirroring y

y
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Current Mirror (contd.)

Channel Length Modulation Effect (contd.)

1+ Av
DE® . _ l]x 100 %

1 + AvDSl

Ratio Error [
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Ratio Error vjye, - vy, (VOItS)

A= 0.02

r=0.015

r=0.01

B \vith decreasing A (i.e, increasing

7\

(Significant Ratio Error can exist\
when mirror transistors do not

L have the same V

J
( . .. )
For a given V|, the ratio improves

output resistance)

AN

\.
q’herefore, a good current mirror
should have identical V and

0.0

Vpsa = Vps) (Volts)

high output resistance

. J

|||||1|||||v
4.0 :
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Current Mirror (contd.)
Channel Length Modulation Effect (contd.)

 Therefore, the apparent solution seems the use of long channel device

* however this also requires increase in width = results in problems for
area and power constraint designs

* furthermore, increase in width also increases the output capacitance
— high frequency performance suffers

e short channel devices are commonplace and therefore this solution is
not appropriate
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Cascode Current Mirror

* |n order to overcome the error due to channel length modulation, instead
of a simple two transistor “current mirror” it is recommended to use
“cascode current mirror”

* |n this architecture, small changes in
potential at node-P does not have any
effect on the potential at node-Y -
shielding property of Cascode.

Iner(¥) * Through some technique make V, =V,

Cascode Stage

X — then the effect of channel length
M, modulation is insignificant as the mirror
equation becomes:
oy = REF(VV/L)z]
[AVY =AVP /[(gm3 + gmb3)r03]] Once agaln Only . (\N / L)l
dependent on the scaling

of devices
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Cascode Current Mirror (contd.)
* How do we generate the condition: V, =V,

* For this to happen, we must guarantee V, — V. = V, - It means one
gate-source voltage should be added to achieve this - this is easily
achieved by placing a diode-connected device M, in series with M,

Diode- Addition of this
device will ensure vy, -y

connected =V
. , GS3 X
device / fulfillment of:
\

(Then proper choice of
dimensions of M, and M,
yields Voo = Viss

Vaso+ Vx

\_ J
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Cascode Current Mirror (contd.)

Voo Vy =Vseo +Vy 5
! rer  out
WAL The node N is then M
* connected to the gate : Y
VGST' Yx  of cascode devi M,
L

Viso +Vx +Vess =Vess +Vy + Vs, |:>[ Nggo +Vy =Vgs +V. ]

[ proper choice of dimensions of My and M, yields V¢, = VGS3]

W/L), W/L),
W/L), W/L),

* Once Vg =Vges, We get: Vy =V,

* For this to happen:
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Cascode Current Mirror (contd.) _
Valid even when

* V, =V, leads to the condition: there exist body
Vps; = Vps, =2 transforms the effect in
mirror equation: transistors M,

and M,

e Cascode configuration improves the accuracy of current copying capability
— but what is the major drawback?

 As the cascode current mirror provides a constant current source, it
should also possess very high output impedance

 Consider once again the

: : : < I Whatis R, here?
following configuration: Four out
M
Y [Rout ~ gm3r03r02]
Mz
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Cascode Current Mirror (contd.)
Accuracy and Voltage Swing Trade-off

P
Yoo Ma;

!HEF Vb ._‘it VGS_VTH
X MZ Y .

M, :I -~ l: Ves— VY1H
Vas -

Standard Cascode
Current Mirror

£ V, is chosen to allow V,=V,

V, is chosen to allow minimum V,

Problem: V, 2V,
Iout * Iref

Voo
P
M3
‘“a Ves— Vi

M:E_Iﬂ——ﬁn

Modlfled Cascode
Current Mirror

\

* V,is not minimum
. However, lout = res )

\_

\_
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Current Mirror (contd.)

Threshold Offset Effect

The offset between the threshold voltage of two transistors also causes
problems in the optimal operation of current mirror

The threshold offset is typically less than 10mV for identical transistors -
even this small offset causes substantial error!!!

Let us now consider a current mirror configuration where both have the
same V. and all other aspects of the transistors are equal except V;. The
expression simplifies to:

2
| out _ (VGS _Vsz
IREF VGS _VTl




D

ECE315 / ECE515

\\g\‘l nJ

R Lab

. &
Sign Res®

Current Mirror (contd.)

Threshold Offset Effect (contd.)

* The plot of ratio error between ideal and imperfect current mirroring as a
function of AV; = V;; — V,, results into:

Ratio Error [10 - 1:| x 100 %
I

16.0

14.0

12.0

10.0
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66
40 ]
20 ]

0.0 -

0.0

(

i, =3uA

, S higher currents

Clearly identifies that better A
current mirroring is obtained for

J

i;=5UA l !

=9 | ts due to the fact that Vg is

higher for higher currents -

ey ensures that AV, is a smaller

1.0 20

TTT[TITT

3.0

]TTIIIITII]IIII
40 50 60 70 80 90 10

AV (mV)

prrrTg | percentage of V.

J
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Current Mirror (contd.)
Threshold Offset Effect (contd.)

* Sometimes it may happen that the factor pu.C,, (let us call it K) is also
mismatched alongwith the offset in the threshold.

* The current mirror equation then transforms to:

In this case its assumed that the
aspect ratio is identical (considering
that its designer driven!).

| out _ Klzl(VGs _VT2)2
IREF Kl(VGS _VT1)2

 Let us define:

. . . . . . 1
AK :KZ_Kl K :%<K2+Kl) VT :E(VT]_ +VT2)

* Then:
K]'- - K' _O.SAK‘ KI2 - K' '|‘O.5A|‘<I VTl :VT _O-SAVT VT2 :VT + O.SAVT
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Current Mirror (contd.)
Threshold Offset Effect (contd.)

* Let us substitute the mirror equation using these assumed parameters:

[ | (K +0.58K ) (Ves Y, —O.5AVT)2J

out

lgee (K —0.5AK ') (Vs =V +0.5AV; )

 Factor out K and (Vg — V;) to get:

1-— || 1+
iK//Z(VGs _VT)
 Assuming these quantities to be small, we get:

)
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Current Mirror (contd.)
Threshold Offset Effect (contd.)

e Retaining only the first order products gives:

Low ~1+ AK.I _ 24V,
IREF K VGS _VT
/If the pércentage change of K\ . AK' Y
and V; are known apriori, then For example, if : — —=15%
this expression ca.m predict the and: AV; _110%
worst-case error in the current Vo =V,
mirroring capability of the |

REF

In this example, the maximum error amounts to 15% provided the
tolerances in K’ and V; are correlated
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Current Mirror (contd.)
Mismatch in Aspect Ratio

mismatches are commonly present even in identical transistors on the
same die & W and L are often mismatched due to mask,
photolithography, and diffusion variations —> this can be significant even
for two transistors placed side by side

One way to overcome these effects is to make transistors much larger
than these variations — e.g., for transistors of identical size with W and L
greater than 10um, the errors due to the mismatched aspect ratio will be
insignificant < when compared to errors contributed by offset V; and
Channel Length Modulation

However, many applications (for high current gain applications!) require
aspect ratio of transistor (M,) to be much larger than the aspect ratio of
the reference transistor (M;) & necessitates creativity in layout
techniques !!!
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Current Mirror (contd.)
Mismatch in Aspect Ratio (contd.)

g Example: we see layout of one-to-four current amplifier below. Its )
assumed that the lengths are identical (L, = L,). Find the ratio error if:
W, =5+0.1um W, =20+0.1um

1+(0.1/20 +
(0.4120)) 4(1i 0_-%_&1)
1+(0.1/5) 20 5
(It is assumed that variations would )
4(1—(i0.06)) have the same sign. In this case it is

apparent that the ratio error is 1.5%
u of the desired current ratio




\(\‘33 J
[y,
” Lab

N 2
Sign Res®

HiD ECE315 / ECE515

Current Mirror (contd.)
Mismatch in Aspect Ratio (contd.)

(« For large W, it’s a good strategy to have W not much larger than L and to )
put equal transistors in parallel.

A solution to this problem is to use appropriate layout technique. For
example, use four duplicates of transistor M, to achieve one-to-four ratio.

\_ This way the tolerance on W, is multiplied by the nominal current gain. )

Here its assumed that AW should be the same for all the transistors]
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Current Mirror Configurations
* It is a common practice to design current mirror circuits for high output
impedance [for achieving near ideal current source!]

* No less important is the voltage headroom [specially for low voltage
applications!!!]

{ Vout.min :VDSsat ]
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Current Mirror Configurations (contd.)

* Wilson Current Mirror / \

IREFl IOUtl @out.min :VDSsat,B +VGSZ >VT T 2\/Dsat]

Headroom is
}< smaller

o = ™ 0By ||r1]
m 0 High Value
I:Mz [ m2 <:I Ig alu

% 1"'/1\/052 — |t 1+ AV,
| cer 1+ﬂ«VD31 | cer 1+A(VD32 +VGS3)

R, is reference current

generator impedance The dependence
on Ve,

w ]
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Current Mirror Configurations (contd.)

* Improved Wilson Current Mirror

|refJ l|0ut r,~r gm3 g, RO (r || (R +1/ gm4))J

ma- L s " Ow " 1+R.On
M;}——m\/lz

V

out.min

:VDSSat,3 +VGSZ >VT + 2\/Dsat]

Choose dimensions of M, and
M, to set: V... =V,

3 fﬁs\
VDSl :VDSZ +VGSB _VGS4 VDSl :VDSZ
.|
ar

1+ AV, Free from any non-
—1 <:| Yy
1+ ZVDSl i

out

REF
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Current Mirror Configurations (contd.)
 Multiple Cascode

* IRef +| 1011(\

— p NNl .
Mm @,18 [rout ~1"g, J <:I Extremely High

M5 1 M6
-« >
M4 | 1 M3

. R Output voltage swing is severely

limited - not appropriate for low
| power and noise applications
M = [z
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Current Mirror Configurations (contd.)

Configurations

Simple

Cascode

Triple Cascode

Wilson

Improved
Wilson

Current Ratio

1+ AV,
1+ ANV,

1+ AV,
1+ ANVpe,

Output Swing
Vv

DSsat

2VDSsat +VT

3VDSsat + 2VT

2VDSsat +VT

2VDSsat +VT

Output Impedance

1
_”ro

m
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Following figure illustrates a source-degenerated current source. Calculate
the output resistance at the given bias current by using the following model
parameter: p.C = 110 pA/V?, A = 0.04 (L=1 um) or 0.01 (L= 2um) /V,
2| b, |=0.7, Y=0.4 V/2

10 ud
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Example-1 (contd.)

The dc terminal conditions are:

I, =10uA V, =1,*R=10*10"° x100*10° =1V Ves =Vs

Now the small signal model of the circuit is:

IDUJ.'

O Simplification gives:

gf:}vgs L V
e =2 =T+ +| (G + s ) |
* out ~— - - out gm gmbs 0
ro Iout
gmbsvbs
ﬁ '

; Can be approximated to:

out
V —
r 5 rout g m ro r

100KQ
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Example-1 (contd.)

The device parameters can be computed as:

W
g, =\/2unCoxf lp, ) g, = \/2><110*106 x%xlO*lOﬁ ) g, =66.3x10°
_ ) U, =663*10° _ 5
Oros = 9 Imos 2(07+1) 7z B g, =10.17x10

(2|¢F |+VSB

1 1 6
r = I::> r = ‘ S =25%x10"Q)
° Al ° 0.04x10*10° °

Thus:

O

« =100%10° +2.5*10° +| (66.6*10°° +10.17*10°°)2.5*10° [100*10° = 21.7*10°C)

The approximated: r _=66.6*10"°x2.5*10°x100*10° =16.65*10°Q

out
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Example-2
Calculate the minimum output voltage required to keep device in saturation

in example-1. The model parameters: p, C,, = 110 pA/V?, A = 0.04 (L=1 pm)
or 0.01 (L= 2um) /V, 2| ¢,|=0.7 , Y=0.4 V1/2

A 1 W
*iu F\ |, = E('UHCOX)(TJ(VGS _V, )2
O
2/1 +

VGG
O |1 o1
SV, -V, = D
Your (luncox )(\%j
100K
el - [-.VGS . 0.302v]

A4

[VD (min) =V, + (Vg —V; )(min) =1+ 0.302 =1.302v]
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Example-3
Using the Cascode circuit shown below, design the W/L of M1 to achieve

the same output resistance as the circuit in example-1. Ignore body effect.
(This device should provide 1OOI<\
impedance to maintain overall
same output resistance y
1

r,=100%10° = —
gml

o1 b (] 5]

10 uA

\_

A4
Note that the terminal conditions of M2 must change to support
the large gate voltage required for M1
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Now calculate the minimum output voltage required to keep the devices in

saturation in example-3.

10 uA
—
"N, =V, = 0.302v]
2/
VGC
21 h
Vo, =V, = O +Vy =27V
(:unCox)(rj
1 J

M

V.. (min) = 2.7 +0.302 = 3.02V ]

A4
The minimum output voltage for circuit in example-1 is lower than the

minimum output voltage for circuit in example-3, therefore is a better
choice for low voltage applications
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Example-5
Calculate the output resistance, while maintaining all the devices in
saturation, for the circuit given below. Assume that |, is actually 10pA.

Ignore body effect.

%)
[Assume a near perfect current mirror (aIIJ
jDL

10 pA l devices have 10uA drain current)
,‘_
o)
_|_
M2
5/1
M4 jl 'I:
| |
5/1 Vout
M1 v
| _ t __
M3 : | [rout - -ou - r01 + r02 + [gmzroz] rolJ
o ! out
5/1 5/1
o)
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Example-5 (contd.)

ya ~ Vv
— t
[rout - iou - r01 + r02 +[gm2r02]r01J/\
out

1
Eol =l =~ = 2-5*1069J g.,= \/2( ﬂncox)(\’%j |, =104.9*10°
2

D

* Tout

[’ r.=25%10°+2.5*10° + [104.9"‘10‘6 X 2.5*106]2.5"‘106 R 661*1069]
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Example-6
Consider the simple current mirror given below.

20 uAd

Vpsi1

\{

R

A

lo

3/1

VDs2

of physical parameters are as:

Width Variation +/-5%
Length Variation +/- 5%
V; variation +/- 5%

\uncox Variation +/-5%

ver process, the absolute variatiorh

J

Assuming that the drain voltages are identical, what is the minimum
and maximum output current measured over the process variations
given above. The model parameters: p.C_ = 110 pA/V?2, A = 0.04 (L=1
um) or 0.01 (L= 2um) /V, 2| d,|=0.7 , Y=0.4 V1/2

% Lab
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Example-6 (contd.)
We know:

K
|D:£ :>VGS +VT
2
2
* Assuming equal V. for both 1

the transistors, we can express =§Kz +Vi, = Vs,

the output current as:

* We can deduce from this equation that the minimum and maximum of
output current will happen under respective following conditions.

K, K, (W/L), | (W/L), V11 V2
i, (Min) Max Min Max Min Min Max
i, (max) Min Max Min Max Max Min




