EECS 240
Analog Integrated Circuits

Lecture 7: Current Sources

Ali M. Niknejad and Bernhard E. Boser
© 2006

Department of Electrical Engineering and Computer Sciences

—{ : EECS 240 Lecture 7: Current Sources © 2006 A. M. Niknejad and B. Boser 1




Bias Current Sources

* Applications

* Design objectives
— Qutput resistance (& capacitance)
— Voltage range (V..

— Accuracy
— Noise

* (Cascoding

* High-Swing Biasing
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Current Mirror

* Bias
* Noise
* (Cascoding

CRY
1.5
CCWS1
Iref - q NOISE Analysis NOISEL
G‘) do = 100us } @z log sweep from 100k to 1G (101 steps)
rx = 10hm —

M2 ] | !
10/1 -l I 101
M=3
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Noise

—_— —_— 3

12 —zd1 Jerzd2 -[
=4k, Ty (g + Mg )Af FD o d @q_u .
=4k, Tyg, (1+ M )Af F e :4
1 -
— 4kBT R— Af
N * M2 (and [ !) can add noise
— Choose small M (power penalty), or
1 7 — Filter at gate of M1
Ry = ¢ 1+ M * Current source FOMs

— Output resistance R |
— Noise resistance Ry
— Active sources boost R , not R

-1

=t 7 <<R =7,
a,l+M
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V . versus Noise

T2KI, 1+ M

« Voltage required for large Ro

(saturation): V., ~ V* (based
on intuition from square-law
model)

Minimizing noise (for given Ip):
- large Ry

- large V_. (k >>1)

min

« At odds with signal swing

(to maximize the dynamic
range)
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Bipolar's, GaAs,

> o1 1 BN ~ L
G Ry 2 VIS R -
) 1+ngEJ 1+gR l‘
BIT Rp ’
Q2 [ a
a) g,R;=0 =2k, Tg, Af T
2 2 ReS L Re
Ry, =— V. set by [ -
gm ]C = =
K3 1 . .
b) g R.>>1 i =4k, T R—Af « BIJT and R, contribute noise

* Increasing R lowers overall noise

V . V . _Vsat . .
R, =R, =—mn_mn ce « BJT and MOS exhibit essentially same
IC Vmin 1
noise / V_. tradeoff
compare R, . = Viain 7/ . Lowest possible noise source is a
’ I, 2K resistor (and large V_. . Vp)
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Cascoding

Ry
Ihias
dc = 30ud +> 4l 'Sout
I: TE,F 1 Whest
Whiase el51=E
do="1.5% s
M3 | =R | it
1071 wdl (o 1071 e 1071
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Rout [Ohm]

Output Resistance

1G

1000

100 -

1M

100k

Yout=973.7mV, Rout=140.7MOhm

yYout=300mY, Rout=179.5k0hm

EECS 240 Lecture 7: Current Sources

Vout [V]

Cascode

MO Cascode
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6
] k=15
k=1
k=05 .
1001 - _
: no easeode VDSI _le

_, 10M 5 E
E ]
S
= How choose k? Issues:
é 1M 3p5, 3
« Swing versus R,
 Large k useful only for large
100k 5 Vin Simultaneously
» Note: small or no penalty for
large k and small V
10K 5 - » = typically choose k>1
o som 1 15 2 25 3
Vout [V]
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High-Swing Cascode Biasing
* Need circuit for generating V...,

* Goal: Set V;, such that V¢, = kV*
— k>1 (typical: 1 ... 2)
— Important for high R,

— No penalty for moderate R,

* Design for insensitivity to

— Process variations (4, C_., Vi, 75 ---)

0x?

— Reference current [
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®

Ma |
1071

High-Swing Bias 1

M, quarter size or less
— M=1/5 for high R,

M=0.25

av — Note: M £k
T + 4 Jout
252 30ua OF 200 et
T * M;sets Vpgs = Vg
improves matching
. Ik 2, « Sensitive to body-effect
" lj|_4||: o * Lcurrent—source - Lcascode
= « Simple
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200M

150M

Rout [Ohm]
=
=
=
1

50M o

Vout [V]

100M
&OM
&0M i
40M —

20mM

dc [V]
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High-Swing Bias 2

« M5 ... M10 replace
quarter size device

—=w o Al] devices same size
i Ik, %
* Less sensitive to body-
effect
W HI#‘HI i * Lcurrent-source - Lcascode
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High-Swing Bias 3

* M; 1n triode & smaller
¥ de = 30ua ¥ de = 30ua . .
%w « All other devices same size
o) |8t L »
« Sensitive to body-effect
ML%&:Q?SHP o ‘jl IH';*;“
¢ L =L

current-source cascode
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Device Sizing

O bjective:
Vipss = Rx V) t
Square - law :
= /UC s % (VGSS —Vius _%)VDSS

e = Cox L (VGS6 o VTH6)2
Wlth
Ips =1p
Vass =Viss +Vpss

sat . sat __ yrsat
VGS6 Vine +Vys  with V&5 =V

substitute
sSa. 2 sa
(Vd6t) = m (VDSS + 2Vd6t +2AVy, )VDSS
solve:
Vi =ml s\l + (1 AT e )
1
R —_

2 AVTH)
(1+\/1+ + o T

Examples:
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m; = 1/3, AV =0V
R=1

m; = 1/4, AV=0V
R=155
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Different Device Length

High Swing Cascode Bias 3: DC Analysis  DC1

Current Source and Cascode have different Channel Length Device V1
sweep from 0 to 3 (51 steps)

3V 3V 3V

13 1 12
C+ dc = 30uA C+ dc = 30uA <+ dc = 30uA Vout

Vi

J | M8 M6 l 1 w4 [ m2
10/1 10/0.35 | I} 10/035 | 10/0.35

*+—@ \dsl
M7 M3 | | M1
| 10/1 10/1 I I} 10/1
M=250m

- *+—@& \/SS
% Vss
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M7

10/1
M=0.0623

High-Swing Bias 4

N|»-

C, (1), (7Y

C (_ 6(VdS$t _%VDS6)VDS6

M 1n triode
Insensitive to body effect

?w solve:
L _poa . _wjL),
”:T;“ Vise =V [1 ﬂ] with  m (W/L)6
e.g.:
w/L),=1/16 for Vst =4y
IH w1 (/L) =1/8 m=0.5
then

Ve =03V5 =1.21"

Current source and cascode device length may differ
Need 3 reference sources (increased power dissipation)

Large device ratios

Ref: Carlos A. Laber, Chowdhury F. Rahim, Stephen F. Dreyer, Gregory T. Uehara, Peter Kwok, Paul R. Gray; Design considerations for a
high-performance 3-um CMQOS analog standard-cell library, IEEE Journal of Solid-State Circuits, vol. 22, pp. 181 - 189, April 1987.

g
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Gain Boosting

Use feedback to further increase R,

— No increase of V_.
(unlike double cascode)

Local feedback > potential instability
Beware of doublets (slow settling)

Noise enhancement
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Gain Boosting Analysis

M
10/0.25

M
10/1

1=

Iref
Ve = 30ua

C. Vhoost
= ac = 1V

fp ="1Hz

J_c1
IleF

M1

M2 |
10/0.35

(l)'-.-'cascode
= ac =1V

M4
10/ 0,35

J_ cz
I 10pF

M3

(JD Wtk

ac =14

fp ="1Hz

¥ L

10/1

10/1

M3
101

e el
= ac = 1V

I =N
T 100pF

Note: C1 & C2 would not be present in an actual circuit (or smaller). They are added here to separate pole frequencies.

L
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Zoi1=Zyooi ! Zeoy

total  ““boost

100G 4 ™

muosfet

i .
. cascode

SO =+« Doublets = slow settling

oM ——————————— el el — =

— s * Booster bandwidth tradeoft:

100k + 0 [ —

S B - push doubled above closed-
= e loop bandwidth

N - ensure stability
a (nondominant pole at
100m 10 1k treq [H2] 100k 10M 1G source Of Mz)

Ref: Klaas Bult, Govert J. G. M. Geelen; A fast-settling CMOS Op amp for SC circuits with 90-dB DC gain, |IEEE
Journal of Solid-State Circuits, vol. 25, pp. 1379 - 1384, December 1990.
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Noise Analysis

3V

Me
1041

Iref
¥ dc = 30uA

11
de = zoual ¥

¥, Whaoost
= go = 1W

g Ttohm

W b

________4 i3
10/ 0.35
iG] F_______
o1

M1

Y o4

Veoascode
ac =1V

g TEOhm

4L
10 /0,35

M3

¥oltage NOISE
Mcascade

\riE—

B

fp = 1uHz

Iﬁlﬂfl

10/1

\utr
ac =1V

g TEOhm

Yoltage NOISE
Mutr

M=
10/1
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Noise Density [V/rt-Hz]

Total Noise [V rms]

Noise Summary

10m A | boost
cascode
H\ miosfet
.
“-\_h.
10p |
| T T |
| 1 | i . |
40u o | hoost
| vasrode
T .
| mosfet
Z0u o |
EI ] |

T T T
1k 100k 10m

Frequency [Hz]
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1G 100G 107
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[v/sqrt{HZ])]

Noise Detail

10n

100p {

1p

10f

current source

cascode

Booster amplifier and
cascode contribute noise
at high frequency.

Actual boosters have more
transistors = additional
noise.

Some noise might be
filtered out by sampling
switch.

I I I I I I
1k 100k 10 1G 100G 107

freq [Hz]
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Cascode Noise

current source
10n

cascode

100p

Noise from cascode often
insignificant.

. Can contribute substantially
at high frequency with lots of
(capacitive) degeneration at
i the source of the cascode
transistor (poor layout).

[v/sqrt(HZ)]

10f

1003 H

1 |
1k 100k 10M 1G 100G 107
freq [Hz]
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If it works, do it again!

2144 IEEE JOURMAL OF SOLID-STATE CIRCUITS, WOL. 30, KO, 12, DECEMBER 2004
Ujd=1.5||||'l l'l.l'ldd='1.'&1lnlr

k2

H

Fig. 8. Nested CMOS gain-bocsing technique.

CHILN et il A 1=k 12-MEE CMOS PIPELINE ADC WITHOVER 100-dR SEDR

Since 1in advanced scaled CMOS gmro 1s small, we can use
nested gain boosting for higher output impedance.

Watch out for pole-zero doublets!
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Matching

e Systematic mismatch
— AVpg
— source resistance
— gradients

e Random mismatch
~ A (W/L)
— AV oy
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Random Mismatch

/4 >

MOdel: Iy = %ycox(fj (VG _VTHI)
(we need an equation W 1
with W/L in it ... Iy, = %/UC (_j (VGS _sz)2
resort to square-law) ’

Al =1p =1 ID:O’5(1D1+ID2)
Mismatch: o

W W W

Alp: AWIL), AV (DAL (D)D) AD)

AV =V = Vi, Vi = ().S(VTH1 + sz)

A7)

Substitute: Al, \L)_ 2AVy

ID (W) VGS - VTH

L

- choose large V-V (V¥)
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Mismatch Example

=19
O'AK %

g w
9
Oy, =3mV

Vs —Vyy =300mV
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Represent mismatch as random
quantities

Variances (squares!) add ... like
noise

Use large V* (or degeneration)
for good current mirror
matching
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Yield

Yield = fraction of good dies K Yield

0.2 0.159

04 0.311

E.g. need £2.8% matching 0.6 0.451

o = 1.4%, 0.8 0.576

k=28/14=2? 1.0 0.683

1.2 0.766

. 14 0.838
yield = 0.954 = 95.4%

1.6 0.890

1.8 0.928

2.0 0.954

. . 2.2 0.972

Typical design goal: — —

13 29 . _ : :

+ 36 (“66), 1.e. k=3 - —

2.8 0.995

3.0 0.997
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