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Chapter 7 Design Procedure of CMOS OP AMPs
and Pratical Design Considerations on

Noise and Offset

§ 7-1 Typical design procedure of two-stage CMOS OP AMPs

Synthesis or Design : Determine the circuit configuration and its MOS

device dimensions from the specfications.

Flow Diagram :
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Specfications
Low frequency gain = 70dB  Phase margin > 60°
Unity-gain frequency = 2MHz (; 10pF
Slew rate = 4V/us  Vpp=Vsy 5V
CMRR = 80dB
Device parameters
UC /2 30pA/V? 12pA/V?
(NMOS) (PMOS)
V1o 1.2V -1v
Procedures -

1. Choose a suitable C.

Example : choose C.=C;=10pF

2. According to the phase margin in the specifications, determine the

second pole position.
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Example : choose /7= 2MHz CHUNG-YU WU

1S, O+ 5(';6 ~3¢9, 03g,,/C.

L
|SP2| =3w, 1 Phase margin> 60’

. Determine the transconductances of the first stage and the second
stage.

Example: g =3g =3wC, =3x2mrx2x10°x10™"

mi

0 g =377 mho

moé

g, =125.7 mho

. From the slew rate specification, determine the bias currents in the

first and the second stages.

Example : S = é >4V/us

Cc

Choose S=4V/us,0 I, =40uA

The negative-going slew rate is also limited by the Q;

current source. To reduce or eliminate its effect, S 1s set

to 48.

4

S =258=10V/us = é—

L

0 1,=C,S, =100ud

5. Use the design rule for reducing the systematic offset voltage to

design the transconductance of the load MOSFET’s.
w/L), _(w/L), _1,)2_1

E le : = = —
rAmpTE w/L), Ww/L), 1 5
_ _. _|w/sL)q,2
gml _gm3 _gm4 _\/ (W/L)ﬁ D7 gm6
1 /2 1
=g, =58, 07541 mho

7
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6. Calculate 4, and CMRR to verify the design.

Example: Adm - gmigm6 |:| gmigm6
(84t 8u)&us t84) (M, )(2A)

06582>76dB (A =0.03V" for LOI10um)

CMRR = 28m8m = 28u8uw < 36357~ 8848
g8, WL )AL /2)

gmi = Cch ) ]o = CcS: gm6:3 WuCL s 17:SroCL
gmlzlogm6/2]7:3CcSWu/ZSro

2 2
0 A”””:Zj?)SMS : CMRR:;(;)“S:4AM

If 44, and CMRR could not satisfy the specifications,
w,, S, and g,; or g, can be readjusted .
7. Determine the nulling resistor R, provoded by M.
Example: If S. - S,
_1+(C,+C)/C, _ 2

R = 5.3KQ
gm6 gm6
IfSZ - ©0
1
R =—— =2.65KQ
gm6
R.= !
l"lpcox

2 ZV:[Z(VSS + VB _‘VTHSD]

8. Dimension M;and M.
W/L can’t be too small [ too large Vs.
Can’t be too large O C,, too large 0 CMRR |

C; 1 O phase margin |
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1 C UA
Example: KH = 0 =533 (Hlax3 /z
C
OL IJHZOX(VGM _VTH5)2 2

Viss Vs =0.5V)

2
GS7 — VTH7)

Q: & ~13.33

Choose L5=L7=]0,um 0 W5=54,um ) W7=]33,um
9. Dimension M;-M, and M

Example: gm~2\/ P %@D

0

(WL) (WL) 4un ! /~658

2
= ~—gml =
(W/L)y=(W /L) =— I 5.92

g Fp=ox Lo
2 2
(W/L),=5(W/L),=29.6

Choose L=10 1t m
U W, =w,=66um > W, =W, =60um > W, =300 lm

10. Estimate the dc bias voltage.

, 1,/2 20
Example * [ Vigs [5Viups | + C =1+
HpCox 12x6
~———(W/L)

=1.527

UV, =Vy=Vyp—I|Vss; [ 3.473V
1 C

2o =Fle (W/L)(“Ve =V, )’
2 2

U V.=-1518V

11.Dimension M,
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C
2B )5+ 3.473-1) =Ri

c

Example :

O w/L), =1.052
choose Wy =Lg=10um.
12. Determine V,,, and dimension M, and M,
Example : Vg =V, +0.5V =1.7V
V

BIAS

=V +Vy =33V
Choose 1, =20uA

gV, =0-V,,=33vaVrv,,,=-33V
VGS]() = VBIAS + VSS ==17V
— I,
(W/L)g—’uc =(0.1512
M(VGSQ ~Vrtn )2
2
— I,
(W/L)]O_UC =(.2667
n2 - (VGSIO Vet )2

Choose W, =10um , L, =66um and
W,=27um , L,,=10um.
13.Use SPICE to simulate the overall OP AMP and make the

necessary adjustment.
Reference : Reference Book No. 3, (Gregorian and Temes) pp.
222-241.
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§7-2 Practical Design Consideration on Noise CHUNG-YU WU

§7-2.1 Noise of MOS devices
1) shot noise
* Due to the fluctuation in the number of carriers crossing a given surface in
the conductor in any time interval.
* If the carrier density is low and the external electric field is high so that the

interaction among the carriers are negligible, we have
i =2qI(BW)

where i isthe random variation of the current.
I is the average current.
BW is the bandwidth in which the noise is measured.

* When an MOSFET is operated in the saturation region, inversion carrier
density is high. => i’ is much smaller than that predicted by the formula.

Shot noise is not important.
* In the subthreshold region, shot noise is higher.
2) Thermal noise
* Generated by the random thermal motion of the carriers in a resistor.

* The mean square of the noise voltage v, and the noise current i, are

+ —
v2. =4KTR(BW) UNT
R
i, = 4AKTG(BW)
* In MOSFETs, R is the incremental channel resistance. R INT
If the MOSFET is in the saturation region, R = 2i = 2;
Em =
3 gn
E = (ZIV )2 = §EBW
Em 38,

2
* The spectral density T BW is independent of frequency O White noise.

* Circuit models:

vZ, :gate-referred noise voltage source.

. HH%
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* When the MOSFET is turned off (R=c0, G=0), i}, is very small.
00 Noiseless open circuit.
3) Flicker (%) noise
* Generated by the trapping and releasing electrons from the channel caused

by the interfacial states.

* Slow process [0 important at low frequencies

[ % noise. Below ~KH,

« 2 _ K BW 2 _ 2
lnf_gmvnf

an -
C, WL f

*(WL) 1, Cox 1, Temperature | , density of surface state | [ E J

4) Combined noise

i, =+i% +i% =4(4KTG +Kg? /(C, WLF)]BW

"."independent noise sources.

§7-2.2 Noise Performance of NMOS Amplifiers

1) Enhancement-load amplifier +VbD

W,L
=— 172 €
A, =—q, for e, n2
21

T4L
z

Ay, =a, for e,

The equivalent input noise voltage O Vo

€n1
1
e, (IN) = A \/(AVICnl)Z +(szenz)2 Va O_@-l

KNI

Mi
Vi
A, e

=en 1+( V2¥n2 )2 i

1 \ Aye, Vss

e, - 1/fnoise

= | (1+h)2

W1L1 Lz e = a,

! WL



* W, t, L,t 0O smaller e (IN) CHUNG-YU WU
* There exits an optimal L, =L, * Independent of W,

§7-2.3 Noise Performance of CMOS Amplifiers
1) CMOS amplifier
Avyp = 78 (T I142)

Ayy =78 (Ty [114,) V; e:nl | |—|_> M
g I_

— HHCOX W
ml — 2\/(7)1 L_IID

+VbD
olu—

1 ._O Vo
g :2 (p'ncox) EI Cn2 I_
ml 2 2 L2 D VBIAS O_@_I I<_ M2
W,C,, —
a . ( 2 )Zanz IJ1 )
e (IN)= ~—[1+ —
n( ) WILI [ U.HCOX (Lz) ] *
( 9 )1an1 -Vss
Design considerations for low noise can be found.
2) CMOS differential-input to single-ended converter Voo
Ay = (g + 20t ) for €, ey VIS
Vi 2 ml m2 dsl ds2 nl n3 O_l MS
Ay = o (T 1 T) ey lJ |_| el
_ _ > M M |—@—0
If gml _gm3 and gm2 - gm4 ’ :
%OVO
unCOX
a ( ) )28, L Cna| €n2
0 e, (IN)= [2—= [T+ (1] M Mz
WL, p'pcox L,
( 2 )lanl
* W, 1, L,1, e (IN)! -Vss

p‘ Cox
( : )lanl
2 L,
C
),

*Optimal L, =
* The noise from M, and M, loads is very important!
1 . . HCOX —
Example : PMOS : (T)p =3uA V2
a, =48x10°(uV Qum)* for 20Hz ~20KHz

C
NMOS : (%)N = THA //2
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a,, =380x10°(UV [um)®> for 20Hz ~20KHz

* NMOS is much more noisy than PMOS due to much larger % noise

Why? 1.higher surface-state density
2.nonuniform trap center distribution ( more centers near
conduction band )
3.Efficient election trapping and releasing.
Bias current I, =5pA, Gain: =44dB

Design 1: M,, M, : SOOHmSHm PMOS

M,, M, : 100Hm jum NMOS

0 e, (IN) =384V 20Hz ~ 20KHz

(33.9)
: . . 500pm
Design [: M,, M, : Sum PMOS
. 50pm
e, (IN)=7.54V  20Hz ~ 20KHz
(6.9)
3) CMOS inverter amplifier +VbD
*
Ay == (g + g0t 1)
v = v, = (8m1 T 82 NIy [ Tys2 eul I_ PMOS
Ay =g (T llty,) for e, I_> Mi
Ay, =80 (T [I1y,) for e, I_
o—e —oO v,
— \/(gmlenl)2 +(gm2€n2)2 . V
en(IN) - Vl e
o T 8m 2 o — NMos
|<— M2
If gml = gm2 I_
1 1 | a, a,

0 e (IN) = ofe, " e, = oo v fa

2\WL, WL, y
-VSS

* Larger size WL [0 smaller noise
If gml 7 gm2
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* Increase the channel length of the transistor having the highest a,
parameter.
Example : Bias current 1001 A

Design 1: M, :1000um Sum’ M2: 400um4um

0 e, (IN)=8.1uV(7.97uV)  20Hz ~ 20KHz

M, ; 1000um Mo : 200um

Design 1II : Sum’ Rum

[ e, (IN)=59uV(5.654V) 20Hz ~ 20KHz
Design I : Mlzsooumwum, M2:40O“m4“m
O e, (IN)=10.5uV(10.36uV)

* Best noise figure [ highest % in PMOS

lowest % in NMOS

Note : WL for PMOS ( NMOS ) are the same.
Reference : J.-C. Bertails, JSSC, vol.SC-14, pp.773-776, Aug.1979.
Noise spectrum of a typical MOSFET :

F /N
eq
(V*/Hz) 1/f noise
104+
1054 white noise
1061
| | | | | AN

100 1K 10K100KIM 10M’ Frequency (Hz)

§7-2.4 Noise performance of CMOS OP AMPs
1.Midband Analysis
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Differential Source CHUNG-YU WU
input stage follower
. 2
—
S
6 n8
\_@_I >

stage M M Vi

T

<
g‘
<
@

gml

=

VBlas J
Vnd2 = \/nl2 -l-‘/nZ2 +(gﬂ)(vn32 +Vn42) ? | MS

3_\(/)0

\]ns2 = Vnéz +(gm7 /gmé)ZVn72 -Vss

V2~V2+Vnsz _V2+V2+gm4 20y 24V 2

n — Vnd A 27 Vnl n2 ( g )( n3 n4)
d ml

+[V, G VAL

* At low frequency (<1KHz), 1/, noise dominates and | A ,(w) [>>1
q Y f d

O w has a negligible effect on the OP noise.
The input stage dominates the overall noise contribution.

* At high frequency where |A (W) |= g% >>1,(M,, M, isalevel
mé6

shifter, g _. issmall to obtain a large V[ g% >>1), the effect of
m6

V., 1is comparable to that of V,, and V,,.Thus M, mustbe a low-noise
device ( like PMOS ).

The effect of V,, is negligible on the total equivalent input noise voltage

since the gain of the gain stage is very high.

§7-2.5 High frequency analysis ( for white noise )
For CMOS 2-stage OP AMP ( without level shifter ), the small-signal

equivalent circuit is
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Vout

C2’=C2+CL

R2l

(under unity-gain feedback)

Ay[1=5C (1 —R,)]

out — m2

<

V., 1+A, +as+bs’ +cs’
Vout - A {1 +S[CC(R1 +Rz) +C1R1]+SZC1CCR1R2}
v, (1+A,)+as+bs’cs’
when A, =A, +A,,
a :CC[AV(L_L+R2)+RI +R, +R,]+CR, +C, R,
ml m2

b=R,R,(CC, +CC ,+C,C)+R,C.(CR,+C,R))

¢=C,C,C,RR,R,

Usually, |Ay >>1, R, <<R,, R, <<R,, C, <<C_, C,<<C_,and
Cz << CL

0 LHP Poleo: P, =—&m/ ;Pzz—gm% , P}:_%R
¢ L 1z

RHP zero (h) Dz, = [CC(L—RZ)]_I;

inl m2
LHP zeros : _CCIRI =z,, 23:_C1RZ (3> °)
If R, -1 Uz =
2 _ 1
, =
Ny, R . (h),\\ Cc.l.{ e g
L 2 M/ B N A i

-20dB/Dec

NZ. CC CL
4 1 /I\ \E’ 4
Avl _/ -20dB/Dec
A | ¥"+20dB/Dec
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The equivalent noise bandwidths are

P
BW, = mi ac (= | 1%)

P,|/_|P
BW, =57/, ~*ac CR/RDA

=~ Em2 4o, (Ce>Cu)

vntot2 = Z4KTV1 L(B\KZI)AI s> Y = constan t( = %)

( Consider only thermal noise )

A, o Ay, I g
= 4KTy, —(°m! )+ —Y2 4KTy, — (52 )
1 + AV : gml 4Cc 1 + AV ’ ng 4CL

_ A, KT K6 Ay, KT
= Y + Y2
I+Ay " C, 1+ A, C,

I I

where A,, and A, are average gains between P, and P,.

* The total white noise of the OP AMP is inversely proportional to C_, and
C,.
* Due to the foldover effect in SCF, white noise ( thermal noise ) becomes

important.
* 1) Clock feedthrough noise; 2) noises coupled from the power supplies,

clock, and ground lines, and from the substrate; 3) white noise and flicker

noise generated in the switches and OP AMPs are three major noise sources

in the switched-capacitor circuits.

§7-2.6 Dynamic range of OP AMPs

V : the maximum input voltage which an OP AMP can handle without

in,max
generating an excess amount of nonlinear distortion.

V. . :the minimum input signal voltage which still does not drown in noise

in,min *
and distortion.

Dynamic range = 20log,, (Vin,m% )

in,min

For an open-loop OP AMP,
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’ d
V. o =4V°?

in,min n

0 Dynamic range =30-40dB.

§7-3 Practical Design Consideration on Offset
§7-3.1 Input offset voltage of a CMOS OP AMP

1). Random offset K = CoMt

+VDD
_T_| l_T @
Msa < > Mss
—
' M5
1B —
o [«—Mia Mis—d] < 5 Ve
VGSlAl_l VGSlB
— Vo=VDD-VGs3
VBIAS M2 & M4 VGs3a=VGs3B-VGs3
—
®
-Vss
1
02 QgL O 02
Vos = Vosia = Vas = m@wHAllAE - " HWH IlBD + Vimia = Vims
1 'O
l L1+AL1 E DLI—ALI BD
2 2 g_t 2 On
_AVTHI Il AW —_ D AW |:| D+ ......
N L+ 1 ﬁ Ow, - LO O
2 O 2 0 R

DAVTH1+ 2 Ilh +l£ —lA_W _lﬁz +1AW
v W 22, 22w HH 220, 22w,

1 !
OAV,,, +ELII&E HAL _ AW E_ﬂ 2 LhEﬂAKN %
Ky W, HZLl 2W, HKN 1 HQ'KN

\ZVI::I :\)I
_)—(
2|r
CIOTY -
=B
11T
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K Y K \\%
Al=1,-1,= A Bfg Gs3 TH3A - ;38 AL % Gs3 — TH3B)2
A

&}
(|

= &E(VGS — VTH3)2 mKP + AW3 _ AL3 _ 2AVTH3
2 L3 HKP W3 L3 V033 _VTH3

:IlﬂAKP + AW3 _AL3 a 2AVTH3 E
KP W3 L3 VGS3 _VTHS

1

O
0V, =Av.,, +E 2 P L §L AW, DKy, AK, AW, AL,  AVy, .
N Wl L1 2W1 2KN 2KP 2W3 2L3 VGS3 _VTH3 [l
W, AL, K, W, AL, AW
DAVTHl ( Gsl THII@W %ﬂ W EAVTH3 (If 2L3 2W1 - 0)

2).Systematic offset. V4 = \i)‘“ where V,,, 70 and A, 1is the dc gain of the
(6]

OP AMP.

7-3.2 Low offset design techniques for CMOS OP AMPs
1. Layout techniques to reduce the random offset.

a).linear varation of devices across a row of transistor or a matrix of transistors.
IB 2B
ox[ ] []2x
x| [ ]sx
2A 1A

IB 2B
2X 2X

2B 1A 1B 2A

[ = [ =2 o
27X 3X 2X 3X
b).cross-coupled connection

2B 1A 1B 2A

Lol [ o= | [¢ |

2X 3X 2X 3X

3X 3X
2A 1A

2B =N , W’s are the same

1A >
L2A LlA

Cross-coupled: I, + 1565 =Ipgon + s

2 2 2

2
VGSI + VGSI — VGSZ + VGSZ O VGSl O 1+KN
LIA LlB LZA L2B VGSZ K+N
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If K=1 => precision channel length control [ —%- 010 Ordered dimension
GS2

error JO O V4 U0

VGSI

IfK=1.1,N=1.1 => =1.0023

GS2

But for single-pair design (1B, 2B, or 1A, 2A)
Vasi
Vs

Ref: RCA Review, vol. 39, pp.250-277, June 1978.

c) Common-centroid structures to reduce AV,

Ref:  IEEE JSSC, vol. SC-13, pp.791-798, Dec. 1978

IEEE JSSC, vol. SC-16, pp.661-668, Dec. 1981

=JK =+/1.1 =1.049 larger V¢ error =» larger V.

2.General optimum matching rules to reduce the random offset

1. Same structure 5. common-centroid geometries
2. Same temperature 6. Same orientation

3. Same shape, same size 7. Same surroundings

4. Minimum distance 8. Non minimum size

Ref.: IEEE JSSC, vol. SC-20, pp.657-665, June 1985
3.Low Vi — V., toreduce the dimensional random offset

4.Dimension design to eliminate the systematic offset
(W/L),, _(W/L),, _1(W/L),

= =2 V. =0 => systematic offset=0
(W/L);  (W/L); 2(W/L),

To avoid the process-induced variations in channel lengths, we usually choose

L, =L,, =L,;. But this design will enhance the noise contribution from the
PMOS M,,,M,, (NMOS M,,,M,, for PMOS-input structure).
=> A compromise is required.
5.Sample-data techniques to eliminate the offset voltage.
Ref.: IEEE JSSC, p.499, Aug. 1978
IEEE JSSC, vol. SC-10, pp.371-379, Dec. 1975
IEEE JSSC, vol. SC-20, pp.805-807, June. 1985
IEEE JSSC, vol. SC-17, pp.1008-1013, Dec. 1986
IEEE JSSC, vol. SC-16, pp.745-748, Dec. 1981
IEEE JSSC, pp.837-844, Aug. 1985
Applications: Zero-offset OP AMPs, High-precision comparators,
Instrumentation amplifiers, High-precision amplifiers,

Switched-capacitor amplifier, Switched-capacitor network.
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1) Offset cancellation in OP-AMP-based switched-capacitor(SC) amplifier

(1) SC amplifier

s

C
C /
l 3=
1
aC S1
o—/l—T—I JR—
Vin 2
jz OPAMP /. O

Vi

, ©
[Inés
+
|

Step 1: Switch 1 ON, Switch 2 OFF:

aC
Vin o—e@—} 2
—+ -
N OPAMP X —O
x Vo

Step 2: Switch 2 ON, Switch 1 OFF:
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+ Vo
|

'a k7

O
9"

tVos =Vos = Vo

N;

*The charge injection error of the switched S1 cannot be eliminated.

VinaC

2) Offset cancellation in precision amplifier

Switch: Vob

Coupled error voltage on VHE | | | Cs l | | I I‘l
1
i { 1 i

Cy:e=(10V)—2 —1— = = =

c,+c, = = - B
CS =10nF -Vss

0.1pF

0.1pF +10000 pF
=100uV

Csgr el
or using the differential outputs

0 e=10V
* amplifier with offset voltage memorization

* residual voltage successive memorization (RSM)
amplifier

* auto-zero design

* chopper-stablized design

% capable of reducing the offset voltage by 1~4
order of magnitude

rather than the single output to
eliminate the common mode voltage
&

RSM amplifier(P-MOSFETs)
Cl C2

I;—cg > Frc—b—l o> 84 o> -

-
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: : LV, =(e,+£,)/GG,..G,,
H H H e, : input offset voltage
: E €, : parasitic clock error pulse
'
H H of the nth stage
: A
) ' )
' ' '
' ' '
| [ ! o
' ' ' L
ON sl S25384 284 s2 s1

OF 525354

S1 S1S3 S1S3S4  S283S4



