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Operational Amplifiers

® Analog ICs include
¢ Operational amplifier
¢ Filters
¢ Analog-to-digital converter (ADC)
¢ Digital-to-analog converter (DAC)
¢ Analog modulator
¢ Phase-locked loop
¢ Power management
¢ Others
® Basic building blocks of analog ICs
¢ Single-stage amplifier
< Differential pairs
¢ Current mirrors
¢ MOS switches
¢ Others
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Operational Amplifiers (Cont.)

® OPAMP design
¢ CMOS OPAMPs are adequate for VLSI implementation.
» Main stream
» Two-stage and folded-cascode OPAMPs will be introduced
¢ Bipolar OPAMPs
» Can achieve better performance than CMOS OPAMPs.
» Less popular
» 741 OPAMP will be introduced.
¢ BICMOS OPAMPs
» Combine the advantages of bipolar and CMOS devices.
» Less popular
» First published by H. C. Lin in 1960’s.

® Two-stage =2 | guess, it's for 70% applications

® Folded-cascode - | guess, it's for 20% applications.
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Operational Amplifiers (Cont.)

® Operational amplifier with negative feedback

A¢ s closed-loop gain
for { A is open-loop gain

Vi (s) = BVo(s) BA is loop gain
Vo(s) = A(S)(Vi(s) — Vi (s)) R,
i o® A PTRAR,

Vi(s) 1+BA(s)
¢ Open-loop: Always stable (no internal feedback)
¢ Closed-loop: Stability depends on BA(S)
® [or stable system, the real part of all poles must be negative.
¢ Gain margin = 20log |BA(jw1g0)]|
¢ Unity-gain frequency wy
¢ Phase Margin = 5A(jw,) + 180°
> At least 45° ~ 60° (or larger) margin is preferred

» This will also give a desirable (i.e., small or no ringing) step
response for the closed-loop amplifier
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Operational Amplifiers (Cont.)

® |deal voltage op-amp
¢ Voltage-controlled voltage source

Infini | : o +
¢ Infinite voltage gain V, c

¢ Infinite input impedance Vy, 0— A(V,-vy) VY,
¢ Zero output impedance

+ No noise ° ° -

¢ Infinite bandwidth
¢ No offset voltage
¢ Infinite CMRR

® Differences between the ideal op-amp and real op-amp
¢ Finite gain (practical op-amps, A=102~10%, i.e., 40~80dB)
¢ Finite linear range(Vpp>V,>GND)
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Operational Amplifiers (Cont.)

¢ Offset voltage:
> ldeal op-amps V=V, = V=0
> For real op-amps, this isn’t exactly true and V_#0 is always
occurred.

> Input offset voltage V is defined as the differential input voltage
needed to restore V =0.

> For MOS op-amps, V . IS @about 5-15 mV.
For BJT op-amps, V .. IS about 1-2 mV.

¢ Common Mode Rejection Ratio(CMRR)

» The CMRR measure how much the op-amp can suppress
common-mode signal at its input.

» Typically CMRR=60~80dB common-mode input voltage:
Vin,c:(\/a_l_vb)/2
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Operational Amplifiers (Cont.)

Differential-mode input voltage: V,, 4 =V, -V,

: : : Vv

Differential gain: A, :VO
in,d

Common-mode gain: A, =—2°

in,c

CMRR = (A /A,) or 20log,,(A4/A.) In dB

Differential-mode input Common-mode input

¢ Frequency response
» Limited bandwidth (10GHz unity-gain bandwidth is typical)
» Reasons of gain decreasing at high frequency
o Stray capacitances
o Finite carrier mobilities
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Operational Amplifiers (Cont.)

¢ Slew Rate (typically, for MOS op-amps, 1~50V/us)
» The maximum rate of output change dV, /dt

» For a large input voltage, some transistors may be driven out of
their saturation regions or completely cut off. As a result, the
output will follow the input at a slower finite rate.

¢ Nonzero Output Resistance
» 0.1~5kQ) — typical value

» Large R will limit frequency response(i.e., speed) when a
capacitor is connected to its output.

¢ Noise

> Noisy transistors in op-amps give rise to a noise voltage V, at
the output of op-amp.

> Equivalent input noise voltage=V_,/A=V,, o—>
o—()—+

V

n
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Operational Amplifiers (Cont.)

o Dynamic Range(DR) = 20log,,(—™ Vin LT
» Open loop~30-40dB In, min
Vi =V, ~ 304V
V. o~ Va
nmax ¥ 7

» Close loop~100dB has larger DR than open loop.
» Can be increased by using correlated double sampling (CDS)
¢ PSRR (Power supply rejection ratio)

A
> PSRR*=20l0g,,(—2)
A o—|- AV, AV,

A
> PSRR= 20log,, (A—ﬂ) o— |

¢ DC Power Dissipation(10pW~100pW)
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CMOS Amplifier with Resistive Load

® Resistor Load Y/

IDS

A=—-gn(Ry//ro) n
~ —g R, § Ro Large R,

_IDRO
X V —>° VOUt
ov o
Vin 0 [

> Small R,
< VDD VDS

® For high gain
¢ High IR,
> High I;R, means large voltage drop on R,
» Large power supply
¢ High R, reduces speed
¢ Use active loads to overcome the above problems
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Resistance of Active Load

® Small signal model of NMOS
D r

o} G — o
Al
G— o %gmvgs { E l |
S|

® Small signal model of diode-connected NMOS

D |
G—l Vgs = Vds % mVgs %
—> =OmVas

Ay <o

&Ai
OmVgs 2 Igs
ngds |
Av

G

¢ Same analysis method I
>
S

_ Av
Al = g Av +—
I'ds

B Av 1
I'o = Ai —rds”gm
B Av 1
o = Ai - r'ds”gm
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Variation of Quiescent Point

® The effect of process variations on quiescent point V1

Designs (2), = (), = (), = (), = (2), -

(), (), (), =€), 2[5, =14 dow] Oue o proess

L

inLsd Variations
-2 V1 IS determined by the actual values of M; ~ M¢
Il (M
* ® * DS(“ ) SR (W/L)s" = 1.1
(WIL)s = 1.0
. (WiL)s=1.1 — - — « (W/L)s =0.9
| N |
bias <+> —II: Vs r_ ’ WIL)=1.0

L]
...
e
L]
.

L||+:Ml FERETES

- Vour Vour Vour Voo Vps(My)
(W/L)s=0.9(W/L)s=1.0 (W/L):=1.1

f—~ .
.
|
|
|
1
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Single-Ended Amplifier with Active Load

® N-input common-source amplifier ® P-input common-source amplifier

I—I :I _l — Me Ios(Mn) lbias C{) V|N0—| = Mp

¢OVour |Mp My _T
TVIN

7

> Vps(Mn) ¢

vy = Viy + Csinwt vy = Vi + Csinwt
Vour = Vour + AC sin wt Vour = Vour + AC sin wt
v
where 4 = 2% = — g (Tasp | Tasn) where 4 = 2t = _ Gmp(Tasp | Tasn)

—> Quiescent point V7 Is hard to be determined with active load
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Single-Ended Amplifier with Diode-Connected Load

® Input and load transistor type
< Different type ¢ Same type

||: Mo |L My
VouT e—0 Vout
VIN O—IE My VIN O—IE M
vy = Viy + Csinwt vy = Viy + Csin wt
Vour = VOUT + AC sin wt Vour = VOUT + AC sin wt
4 t _ 1 Vout 1
A=—= —I9mn <Tdsp I 7gsn | > A= " ‘= —9mn1 (Tdsnl |l Tasn2 " )
Vin mp in mn2
— _Jmn = —Imm o |W/WuN1 4ccurate gain
= — o2 (gain with small /ﬂp variation) o WD, ¢ gain)
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Differential Amplifier with Active Load

® \\ith external bias

o
M3
Vo 0 v,V — Load line
+ Larger
Vi —E= (Large r,)
M1 ~~=.
VDS(Ml’ MS)

® \Why not ?
- Quiescent point of V_,* & V" can’t be determined due to process variations
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CMOS Amplifier with Active Load (Cont.)

® Self-biased active load: quiescent V, less sensitive to M; ~ M, variations
® Performs differential gain andldifferential to single-ended
8m,M1 Em,M2) 8m,M3s Em,M4 >> rds » Tout = I'ds2 I I'dss4
) . . 1
® Differential gain Ay, (viy = —vi, = 5 Vin)
Adm ~ gml(rdsz | rds4) at node B = Ade ¢ Model of Adm/Acm
1 1
Node A: Agma = —=8m1 " —
2 gm3 1 @ @ VDD
Node B: AdmB ® (_AdmA "8ma — (_Egmz)) ) (rdsz | I'ds4) > ||\/|3 M4I P
® Common-mode gain A, (Vi1 = Viz = V1) — 1 g0 I s ! I !
1 Vl 1 m3 > +_ f_ Vo = Va
Va=s ( I rgsr rd53> v JO -
21450 \Em3 41 S M, @ Mz: V1
A 11(1” [ ) 1 v A v
~ — rgs1 Il Tgsz | ® —————— i1 1 rdlo i2
o 2 I'qso \8m3 ° ° 2gm3rdso | \l, \l, rs
. . . — ds0 —_—
® CMRR(Common-Mode Rejection Ratio) = ° ) =
dm Vbias_l
CMRR = A ~ 28m1 (rdsz | r'ds4)gm3rdso = GND
cm -
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Miller Effect

® Resistor ® Capacitor
V Vv V 00—
® Miller effect on resistor ® Miller effect on capacitor
+ AV - + AV -
R C
AW 1
V - \V/ —
|—> LA -AV - LA -AV
Rett = Ceft =

I_AV_(1+A)V

R R
Refr = ! Cess = (1 + A)C
eff = T A eff =

Q=C-AV=C-(1+A)V
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Pole and Zero

® LHP pole ® |LHP zero ® RHP zero
1
H(s) = T+ s/op H(s) =1+ s/w,q H(s) =1 —s/w,,
N N N
-1 © > S
'wpl -Wz1 W22
Gain Gain Gain

/>
2
-
2
-

+20dB/dec
> W > W > W
Wp1 Wz1 W2
Phase Phase Phase
A A A
OO X +90° f OO X
—90° . 0° ' —90° .
g > w g > w g > w
U)pl Wz1 W2

LHP: Left-hand plane, RHP: Right-hand plane
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Uncompensated CMOS OPAMP

® Basic building blocks of an operational amplifier

* Vpp

—l—|§|\/|5 IEwm,

| A
@
S
- >
—o ®

Avi =—0mRo=-0 ml(rds4 /I rdsZ)
Avs =—0mneRoo = _gmG(rdSG Il rds7)

out

Roy iLow freq. output Fmpedance of A Differential stage Single-ended gain-stage
R,, :Low freq. output impedance of B +

CA(Cg) : Capacitive loading at A(B) Differential-to-single-ended converter
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Uncompensated CMOS OPAMP (Cont.)

® Block diagram showing the origin of the dominant poles

R01
| R Vim—wW—r—V,
Vi.. R ol @ V..,

y +Gl ou Cy =/

" Input CaTr Second Ce L =
= = v, 1 ~ 1+sRC
(s) Ro1 t5e SRo1tA

1 1
Vout (s sCy sCy
Av() = 73 (S(;”j(v?_ = A O — A = 4,0
() = Vin Rot + 55 Roz + 51 1+ +5)

® w, and wg are dominant poles since R_; and R, are normally large.

—1 —1
Wp =
R01CA 5 RoZCB

Wy =

® The effects of other poles are usually negligible.
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Uncompensated CMOS OPAMP (Cont.)

A(s) = A -1 — Voo
(1+S/wpy) (1+5/®p,) Mg M M,
A¢ =0mRoImeRoo : n =|_l IE
gm1 = \/ZupCOX(W/L)M111 ] I‘_-r. |_ N
ceeesl |Zl
8me = \/ZHnCOX(W/L)M6I6 | | o Ma ¢|1 JMz . +
M M M
R = rdsZ//rds4 3 a a 1 > = C, _€I C=—V,
Rz = lass! /s ! . 1 GND -
®p; =-1RC, o— _ * O
wpy = —1/R,CL N M y
Vid (V)g leid R01 Va——~ Cl V)g meVA Roz ::CL Vo
6 ® — & & - 5

® P, & P, are dominant poles since R,; and R, are normally large.
The effects of other poles are usually negligible.
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Uncompensated CMOS OPAMP (Cont.)

® For low frequency
¢ A(jw) = A(0) = A

® [or high frequency
* A(](D) ~ _ &mi8me

(1)2C1CL
¢ The amplifier inverts the input voltage.
¢ If feedback is used, then positive feedback occurs.

® Two dominant poles
¢ Phase margin is not large enough
¢ Pole-splitting technique to solve this problem
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Pole-Splitting of Two-Stage CMOS OPAMP

® Reduce wp, and increase wp,

" —$
S M7
HE =
M, . ® M,
G

’_ VDD

Ao(l_s/mz)

(1+5/wp,) (1+5/ @p,)
Ao =0 m1R01g mGROZ

gm1 =J2HpCOX(W/L)M111
8m6 = \/ZunCOX(W/L)M6I6

R01 - rd52 // r-ds4
Roz — rds6//rds7

A(s) =

IL ¢
[A) |2 +
M, | | Mzi . J_ ‘ | v Cl ®, = Ime If 9. Ry, >>1
— i e G V, CC N
_ﬂ I Mg T o = -1 " —Om1
E P1 = ~
¢ = GND ¢ (14 9m6Rw2)CcRy AL
C, =C2 +Cpo +Cras + Cops +Cyes If C. &C, >>C,
CL =Cs +Ca7 +Coa7 + Cioa c o = —OmeCc i —Ome
Ce Includes Cy; % "?C,C,+CC.+CLC, C,
o— i
+ + +
Vid OmVia QRoy Va—=C, OneVaQRy, ==C, V,
o — 4 +——o

—> Right plane zero causes slower gain drop but quick phase drop
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Pole-Splitting of Two-Stage CMOS OPAMP (Cont.)

|wp1 1 gmi

® Unity-gain frequency 2 f; (or f,) = |A, 27T C
C

® To achieve an uniform -20dB/dec gain rolloff down to 0dB, the following
two conditions must be satisfied

7S f, < fpz — 8Cr:n1 < gén6 20Iog Al (dB)
¢ L 20Iog|AV|
® [ <f:= 8m1 <Ems

® At unity-gain frequency f, (or f)

_ -1 -1 1(ft
Diorg] = tan ( fpl) + tan ( fp2)+ tan™ ( fz)

-1 ~ [0
where tan (fpl) 90° -
Phase margin = 180° — @] _

-90°
— o __ -1 i _ -1 E —
= 90% —tan (fpz) tan (fz) 1807
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Right Plane Zero

Cause slower gain drop but quick phase drop
¢ Usually moved away if phase margin is not large enough

Im
x >— T o—> R,
A
_8me P x__Im ~ Ims
PZ - CL ' AOCC ‘ CC
A gain, dB
_:\—\)
' I I
| I I 0
Phase 4 Vo
0° | I |
-90° - -y !
~180° = === - > o
P, z P,
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Right-Plane Zero (Cont.)

® The zero is due to the existence of two path through which the
signal can propagate from node A to node B

1. through C-
2. through the controlled source g,,sVa

® To eliminate zero w,

1. Method-1 2. Method-2
Unlty gain buffer o
C z

_>_E;l 4> FAZ
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Elimination of Right-Plane Zero

® Method-1: Use unity-gain buffer = Zero moves to infinity

. Llﬂitygain buffer I I—o
e T

Zero moves to infinity

¢ o > ()
Wp2 Wp1 Wz

Ao where wpq = — Sm1 Wpy = —Sms
1+ )1+ ) ET AL T G
P1 P2

A(s) =
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Elimination of Right-Plane Zero (Cont.)

® Method-2: Using R instead of buffer
1
¢ Elimination of zero - Let Rz =—

meoé

& Pole-zero cancellation 2 Let wz = wp,

8m1
wp1 = — C R
AOCC C Z
Don & 8mé b »
P2 ~ 7 T~ - -
CL
1 1 1 1
wpz ® —— (= + -+ o) Zero moves toward
Z C 1 L .
the left plane as R, increases
1
= [T e
[RZ_(gm6)]CC P3 Wp2 P1 Z
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Pole Separation vs. Phase Margin and Speed

BA

® w= W2 = BAyw4
® Step response (with fixed w,)
¢ N=2
» Phase margin = 63°
> Fast
¢ N=3
» Phase margin = 71°
¢ N=4

» Phase margin = 76°
» Critically damped

A

} Forn=2
>

M:4
>
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Pole-Zero Doublet

® First stage of a two-stage opamp

Assume  8m; = 8my’ 8m3 = 8my

Vop Cx = Cgs3 + Cgsq + Cgp1 + Cgp3 + Cgd1 + Cgas
J iouts = (iz +1i3)
‘| _1M6 [1 ( L, ) L2
= |—V:, - . . — Vi *
M1<J — — M2 2 n gml gm3 SCX gm4 2 1n ng
°_| -»I-vain =lg 1Vi —1 +1 where @, = 202
F72% T4, i3l 1" /2 2°™ M\ 1+ s/w,, P~ e
—>

1+ S/Zoop
— gmlvin ) 1 _I_ S/wp

| Lot | (dB)

A

— : 1+
- s foy)
= 8m1 - :

Vin 1+ S/(Dp

. : ®
o, 2cop >
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Pole-Zero Doublet (Cont.)

® Equivalent circuit of two-stage opamp (example: buffer in feedback
path) Cc Unity gain buffer | Youz | (gp)

v
| <}_ A" w/ pole-zero doublet

---------------- w/o pole-zero doublet

outl Vout2
i —
outl
1+7
— outl gml' Z(DP , and Vout2 _ RolngRoz Where(Dpl ~ 1 _ gml (DPZ ~ gm5
C
i L

RolngROZCC B AOCC |

i =

outl (1"’8][1‘*‘8]
Wpy Wp;

- 1+ S 1+y j

outl | Vout2 _ gmlRolngROZ . A(’OP A 2(’0P

VOU'[Z — | =

V. V. i S 0
0 Vo o (1](1] 1+ %%, (m 1+Sj(1+ )
Wp, Wp; ©py ©p2 @

+ The parasitic capacitance C, creates a pole at w, and a zero at 2w,,.
¢ It may affect OPAMP stability if w, close to unity gain frequency.

U
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Introduction of Slew Rate (SR)

® Definition: Maximum change rate of voltage

Input

prida Input
Step /.- — |deal
__________ E> SyStem E> - _ _ _ _ =----Finite SR
(e.g. unity-gain buffer) / Slope=SR
Sine /\/ /\</
® SR depends on system driving currents and capacitive loads
® SR should be considered at all nodes in a circuit, for example:
dv : .
SR=—"2 = 1=1,2,3....
dt max i lmin
\% V \%
V, ——— Sub- —.1—D Sub- .2 Sub- —.3— 0000 )y VO
systeml system?2 system3
|1l C, |zl:- C, b,l:: Cs
System = = =
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SR Effect on Sinusoidal Response

® \/oltage change rate without SR limitation
—oVcos0=nV, — —;

max

>
<

0

N dv N
vV, =V, =Vsihot > —>=onV,cosot =
dt dt

® Full-power bandwidth (f,,)

SR V, max. fated opamp output voltage

SR=m,,V =f, = = . . . . .
Om Vo max = T 27V, oy | Wy Maximum input frequency without distortion

® SR effect on sine waves
¢ Small amplitude, low freq.

¢ Large amplitude, low freq.
v r> V,without SR limitation
g V, with SR limitation
t

\Y/ V, without SR limitation

¢ Small amplitude, high freq.

V, without SR limitation SR limitation depends on
amplitude and frequency

V,with SR limitation
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SR Effect on Step Response of a One-Pole System

® Step response of a one-pole system
¢ Ideal response: Exponential output Vg jgeq(t)

-t d V., -t
VO,IdeaI(t) =V, (1' € %) = d_(VO,Ideal(t)): —€ &
t T
¢ Without large enough system SR — Slewing happens

When SR < %(Vo,. D)= %(VO,Real(t)): SR (As 0~t, in the waveform below)

® Example: RC filter with current-limited voltage source

Slope=SR
MV Vo v
é“? a ‘
Vi C
\ 1

S
= Current-limited —
voltage source

vi(t): Input
==== Voreal(t): Finite SR

> {

» SR+ Exponential
O Limited t1 Response

® Please refer to P.5-62~P.5-66 for more detailed description.

--z-
. 4
v
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SR Analysis of Two-Stage OPAMP

® V/ rising process Voo —¢ . "
¢ Large positive input at V;, ® Ms Ma ElMe
ls
¢ M, turned off lref M, i | o n e b
¢ | flows through C, Vi—%ﬁ I oV th
& Driving capability of I, is usually large T | TC
> For SR not limited by I, SR =1/ C, MJEl'_l_l_'Ej_Ms —
_ Ie—I7 1 —
( For small I, SR = CC+CL) = GND
® V_falling process Voo 9 !
o 1E7ING PTOTess T -
¢ Large positive input at V;_ D [ e -

Iref
¢ M, turned off My | |15 . l
i- Vi+ I

¢ |- flow through C, Bl I

=C.
> |, large enough: SR= 15/ C, 13 | ] My
> |, not large enough: SR=1,/ (C_+C)) Ve E1M5 IE._
® SR when I, is large enough = GND
Wy, | O dv_ (t) | |.L
= [2uC M1_5, t=_1 _ 0 — 5 _ 5—M1 — -
gml \/ Ul ox I—Ml 2 @ CC = SR —dt - CC (Dt \/MHCOXWMl (VGSl Vt) wt
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Example - Negative Feedback Amplifier

® Slew rate
¢ Assume the output driving
current is large enough

SR ‘dvout ¢l — I5
dt | | Cc dt| Cqg
( V. R
 =bml o _Sm n
CC Wt O_I_l_ V1
For < L (W) I _l_
8m1 = HnLox L M1 2
\
[sw¢ [5
= SR = — Wt
W
Sm1 P-nCOX (T)Ml
\

® Slew rate can be increased by

¢ Increasing the unity-gain bandwidth
¢ Increasing bias current of input stage

R

AAA

vvy

*— Voo

R
AN
V,, R
E—W—L>_ Vou
C

JL
§ e

¢ Decreasing the W/L ratio of the input transistors
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Example 2 - Voltage Follower (1/2)

® V , atlarge positive input (t; ~ t,)
Vi () =V,u(t)

: dv,, (t dv, (t
IW(t):CW (;IA;( ) zCWT():CW\/lS(t)
(dv,, = dVirl due to source foIIower) —_
V., (t) = I (I+i,, ) dt = tdViy dt = s t+ C_qu(t) Voltage follower
> c 0 dt C i
_ c c c (Assume the output driving
® Circuit dlagram current is large enough)
off | off 1= Voo V‘i.”

Mo B—Em G

out

PR, e

LAZ V

i v With large driving capability Vi Jreeeee %—\
I CW ....... 1 1
' @DWy Vo LV ]
- G 8 T
= GND
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Example 2 - Voltage Follower (2/2)

® V, , atlarge negative input (t; ~ t,)

Asa source follower, V,, follows V,, = d'EUt ~ d;/tw
AV _ =iy iy (= dVW)
dt C. Cw dt
WVow 1 — SR reduced by C,,,, from ; to ;
dt C.+Cy C. C.+C, Voltage follower
® Circuit diagram (Assume the output driving
current is large enough)
—e +— VoD Vin
on on 4
C
Ma M iF VA
I5'iw
|- ¢ ® T vl >
on o off +A2 Vout o
LM M D NV, Veu 0
- = = “T £ oo
— — = - | 1 1
= | | |
+ 1 With large driving capability Vi |- A
Vv h M Cuyy fererer Lo
W Cw—l— H5 Vin I _tVs Ce ' —
- = tbot, t; ot
= GND
¢ dV, = dV;, (Due to source follower)
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Power-Supply Rejection Ratio (PSRR)

® Mixed-signal circuits combine analog and digital circuits

€ Switching activity in digital portion results in supply ripple
€ Add large capacitors between supply rails and ground

=>» Not practical in IC design
=» High-PSRR analog circuits

TS ( V,
A _ Vo
® Definition PSRR* = d At = o
At DD — — v
$ ,where < vV M M DD
_ _1Ad - _ Vo 5 .
PSRR™ = —< A= | |2 | r:-
\ A . Vend I == 1
¢ For a two-stage op amp M, —e—d — M,
B I'o7 __| [.. feeen I_ +
Vo = Vgpg X —————
v Lo T To7 | l C
r 1 I
SA =—2 =% " I : |2¢' +
Vend  Tos T To7 My 1 Co
PSRR-= 8 (foz Il Tos) - 'R “ M Vo
= =—= r r r 6
A— &m1To2 04)8mé6lo6 _L | I | T_
L = GND
> It's insensitive to Vpp = PSRR* is high [Ref.]

[Ref.] P. R. Gray, P. J. Hurst, A. H. Lewis, and R. G. Meyer, Analysis and Design of Analog Integrated Circuits, 51" ed., New
York: John Wiley & Sons, 2009. pp. 430-432
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Design Trade-offs

To increase the differential gain, CMRR, and PSRR for a two-stage op amp
¢ Enlarge the length L for the channel of each MOSFET

& Lower the |Vg,| at which each MOSFET is operated

Ao = gnm VI ka = 1L h ks L (roughly)
r X . X ,ywhere X rou
° ds AI }\\/T \/T ;\

8m \/T

= — X —x VI
“eTTCT 7T

The transition frequency of the MOSFETSs can be increased by using a shorter
channel and/or a larger |V,

1 LY : : oF
g 2 -5 UCOXTV(%V/VOV 1.5 -1+ [Voul Tk carrler.moblhty
fi = (C ) > ~ ol ; where < Vgy: overdrive voltage
(Cgs gd) 2n(§ WLCox) T L: channel length
21 2
8m = V—, Cgs =~ §WLCOX and Cgs >> ng
oV

In conclusion, it's a trade-off between low-frequency performance parameters and
high-frequency ones

—> For analog circuits in submicron process operated at 1V~1.5V supplies,
0.1V~0.3V of |V, is typically used, and the typical channel lengths are
usually at least 1.5~2 times the L,
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Noise Performance of CMOS OPAMP

® Noise is fundamental limitation of OPAMP performance. The equivalent noise
voltage of MOS OPAMPs may be 10 times larger than that of a comparable

bipolar amplifier

(VAR ¢ ”—
® Example °b V., V
~ n3 n4 <
¢ Mean-square value at @ M M,
{For Var 8 Viy A = gmi (Fasz//Tasa) o HE v,
For V3 & Vn4 Ay = 8m3(rasz2//Tdsa) Ve VA
Vv 1 ._oou
V2 = A2(VZ, + V2,)) + A2(V2, + V2,) e M, M, ®
| | | Vi oRHET <
¢ Equivalent input noise voltage = —— — V2

Differential input stage

® Ny
@_D m As Vout Vbias > Ms
GND Vis P §

Second gain stage

2 V_A% 2 . oo 8ms3
Vi = Az Vi + Vi, + ( = ( 3+ V24-)
d &m1

V2 gma., = — Vist GEDVE,
A%l

— — V2
VE = Vi = VBV B2 + V) +
d

"L
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Noise Performance of CMOS OPAMP (Cont.)

® Device noise

A

+ Flicker noise _
/Thermal noise

> f

¢ 1/f noise component dominates at low frequencies

¢ The equivalent input noise voltage is greatest at low frequencies
(below 1kHz)

® [f |[A,(w)|>>1, then the input devices M; and M, tend to be the dominant
noise sources and their optimization is the key to low-noise design.

® 1/f noise of OPAMP can be cancelled using
¢ Chopper-stabilized technigue
» Dynamic Range over 100dB can be obtained
¢ Correlated double sampling (CDS)
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Noise Figure

® Definition of noise figure (NF)

¢ The ratio of the signal-to-noise power ratio at the input to the signal-to-noise
power ratio at the output

S S S; : Signal power at the input
Source —| Network — Output  So: Signal power at the output
N N, N; : Noise power at the input
N f N,: Noise power at the output
e | 2 N,: Additional noise power from the network
¢ Example
Signal power Si AS; S, = AA,S;
. — Ay " A T/
Noise power N;j : A;N; + N4 : N, =A,(A;N; + N,;) + N,
Naj Naz
Nas , Nap
o S./N; Si/N; Nit A TRA;
Noise Figure (NF) = = =
So/No  A1A2Si/[A2(A1Nj + Nyap) + Ny ] Nj

® |dealNF=1
® Large NF caused by noisy network
¢ Low-noise amplifier (LNA): Higher A; with lower N,; = Smaller NF
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Noise Figure of Amplifier with Filtering Function

® |[llustration in time domain and frequency domain

Mag. (@)
A
1 TS 1
D —
17\
N’ p p
P§D Signal bgnd

i

(b)

PSD

Signal bgnd

Amplification |—-

Amplification with Filtering Function

o Slgnal band: NF(a) < NF(b) & NF(C)
® Function of filter: Attenuate out-of-band power

¢ Allow larger in-band signal

¢ Reduce signal slew rate
¢ Avoid interference

Mag. ()

Mag. : Magnitude

PSD : Power spectral density
f : Frequency
fo=1/T,
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Offset Voltage of Two-Stage CMOS OPAMPs

® Input voltage need to restore the output to zero

® Two components
¢ Systematic offset
¢ Random offset

® To avoid systematic offset,

design must follow the rule

(W/L)ms _ (W/L) M4 _
(W/L)ms  (W/L)ms

® To minimize random offset
¢ L,=L,, W=W,, L,=L,, W;=W,, L;=L, and L;=L, to minimize the
offsets of channel length and channel width variations
¢ Large L and W such that AL/L and AW/W can be ignored

Vpp (DC#0, AC=0)
L 4

M
Vbiasc Il:I I\I/IS IE !
l : |7$ |g
VCMo—l ..... |_°VCM .:°>VCM
(DC#0, AC=0) l /2 |/2l I6i (AC=0)
|
I
oS g G,
_ 1(W/L)me 4 |
2 (W/L)my = GND (DC=0, AC=0)
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Input Common-Mode Range and Output
Swing of Two-Stage CMOS OPAMP

® [nput common-mode range, V,qy
¢ Minimum VICM
» Keep M; and M, in saturation = Vg, , < [V

> Hence, Vicy = Vi, + Vovs — |Vip| » Where V,, is overdrive voltage

¢ Maximum V
> Keep M in saturation, Vi > Vs

> Hence, Vicm < Vpp — [Vovs| — [Vep| — Vo |
> Vovsz + Vin — [Vep| < Viem < Vop — [Vep| — [Voval — [Vovs|

® Output swing, Vg
¢ Keep My and M, in saturation

Vove < Vo < Vpp — [Voy7l

V0v7 VD P

Mg

\V

F

oVv6 GND
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Amplifier Classification

® Class A g— | out
VX>>Vth /\ / =T r- T T >
I l |0ut \/ /E/ Vin:

Vin —

Vx o Vth
Vx

® Class B ;— lout
V=V

Vin

.
. Ll
. LA

. &

. &

&
*ea?®
” >
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Amplifier Classification (Cont.)

® Class AB g |

V>V
| llout ANYAN Vin
V. — —=--- =
in
Vy >

® Class C g— »

0<Vy<Vy,
I l Iout /\_/\_ Vin
Vin — —re = - - :
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Class-D Amplifier

@ Class A, B and AB amplifier = Linear amplifier
e® Class-D amplifier = Switching amplifier

¢ Block diagram ¢ Common PWM Generator

V wm
Pulse Width Modulation (PWM) Vin 7 \v o—+:|: p
/ VDD Va /NMV\O—-

i =3
Vin Vpwm LC V

]

PWM Gate 2

O— - —O 8
AV, Generator Driver Low-pass Vout Vtri 9

J-L filter -1
g —LI 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1
Time (ms)
i TN
=GND prm 505/ ]
gotd 8.8 0 DL LI

® Characteristics 01 02 03 04 05 06 07 03 03 1

¢ Low power dissipation = High efficiency
¢ Small heat sink - Small size

¢ Distortion problem due to switching scheme
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Class-D Amplifier (Cont.)

® Spectrum of Class-D signal

¢ Square wave ¢ PWM
Triangular wave: V,,=2V Freq.=12kHz Triangular wave: V,=2V Freq.=12kHz
Input sine wave: V=0V Input sine wave: V,=2V, Freq.=1kHz
€ 0 € 0 x
§-1o . §-1olkHZ
= 12kHz = v 12kHz
-_5 -20 ¢ 36kHz 60kHz | -_5 207 24kHz
< 40t | = 40+
g 50 | g 50 i |
g -60 : : : : : 5 -60 . |I
0 10 20 30 40 50 60 0 10 20 3o o
Frequency (kHz) Frequency (kHz)
1 E T T T T - T T T
JAAAAAAAAAAAA
> >
= AVVVVVVVVVVVY =
g 1 AR AT g 1
0.1 02 03 04 05 06 07 08 0.9 1 01 02 03 04 05 06 07 08 09
Time (ms) Time (ms)
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Efficiency of Class-D Amplifier (Cont.)

® Power loss source VDD
VDD BIRY
T I <
% I LC l
Gate | = SRV
Vi, O Driver Cop Low-pass +
| filter R, Vorms)
T I _—L —Cdp+Cdn -
—_— — -
1 T
e = “—gn

¢ Switching loss (Py,): PSWZ(Cgp+Cdp+an+Cdn)XVDDzstw
¢ Conduction l0ss (Pc,,):  Peon=[DxRgy(Mp)+(1-D) xRy,,(M))] Xlorms)?

Output
® Efficiency estimation A DXTe (LDXTs
: P, T Mr
n=—2x100% = RIGD - x100%
I:)i Io(RMS) xR LT I:)sw + I:)con TImE(S)

Where D is the duty of PMOS on
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Output Stage of Two-Stage OPAMP

® Current waveforms
Class A amplifier

& For —I. <i.(t) <
> M, conducts for entire cycle of the input signal
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Cascade and Cascode CMOS OPAMPs

® Cascade two-stage CMOS OPAMP
¢ Most popular and works well with low capacitive load
¢ Problems
» Limited slew rate due to large C.
» Limited bandwidth with large C,
» PSRR is reduced by pole-splitting

® Condition
¢ Low output resistance is not required
¢ High open-loop gain is required
¢ Large phase margin can be maintained with large C,

—> Cascode configuration can provide attractive solutions for the above
problems.

® Cascode CMOS OPAMP
¢ Gain of two-stage OPAMP can be increased by adding gain stage in
cascade.
> phase shift is increased (i.e. PM{)
¢ Cascode configurations can be used to increase gain in the existing
stage.
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Cascode CMOS OPAMP

VDD
® Output resistance (Ro) is increased Q-L | o
¢ Voltage gain A = —g,1Ro =] '1Q8
» Gain is increased El o
Qs _|—2 Qs
R [ | Ros
04 ~ (gm4rds4)rd52 N ¥~ Ros
Roe = (8meTldse)ldss Q3ﬁ= 1 :I:Q4
RO — RO4 " RO6 Vbias
Vin+—||:Q1 Qz:“' Vin

® Common-mode range is lowered and more transistors are stacked
between the two power supplies.

¢ Folded-cascode has larger common-mode range

® Cascode and folded-cascode OPAMPSs are also named as

“transconductance OPAMP” or “operational transconductance amplifier
(OTA)”
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Cascode Circuit as a load

® Use cascode - Reduce # of stages in the design of high-gain OPAMP

® Ro: (g m2rd52) rdsl

<

DD

4“+*

VSG
Vbiasl °-|
VSGZ+

-
VbiasZ °-| |\/|2

v \RO

® \/oltage drop on the two MOSFETs must be minimized to increase
voltage swing

¢ M; works at the voltage of Vpgin= Ve

M

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 5-55 5% % %, Analog IC Design, 2025



Cascode Circuit as a load (Cont.)

® (W/L)y1= (W/L)yo= (W/L)ys= 4(WI/L)y,

¢

L 4
L 4
L 4

(VGS3'th) :Veff3:Veff1:(VGs4'th)/ 2:(VGsz'th)
Make (Vps; & Vpso) > (Ve & Vogo) for safety
(WIL)pa< (L/4)(WIL)\y

Output impedance

Ro ~ 8MyIgsalds1

® One of other examples is self-biased
¢ Output impedance

( dS3//r1)

where r;j IS the output resistance of |

R ~ (gmz dsz)

VDD

Veffl
.|.

= GND

150
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CMOS OPAMP Using Cascode Load

® High gain stage

1 —_

® Example R, =

1 1 Ms =
[ V _C
® Structure Omeaslas )\ Omelslaz vesz__ | M

¢ Differential pair with cascode load
¢ Level shifter

» Usually a source follower
¢ Common source amplifier
¢ Miller capacitor (C.)—> Pole-splitting
¢ M., 2 Eliminate right-plane zero Vbiagzl_l_l

H

® Problems
¢ Large C,_ - The bandwidth will be limited by non-dominant pole
¢ Large C_ > The slew rate will be limited
¢ PSRR is reduced by pole-splitting
—> All problems can be eliminated by using folded-cascode configuration
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Folded-Cascode OPAMP

® Transconductance value is one of the most important parameters of these OPAMPs
—> Also called Operational Transconductance Amplifiers (OTAS)

® Many modern CMOS OPAMPs are designed to drive only capacitive load
¢ Using a voltage buffer to obtain low output impedance is not necessary

¢ Realizing OPAMPs having higher speed and larger signal swings than those
that must also drive resistance loads is possible

» Only a single high-impedance node at the output of OPAMP that drives only
capacitive loads

» The impedance seen at all other internal nodes of OPAMP is relatively low
impedance (~1/g,,)

o The OPAMP speed is maximized

¢ The compensation is usually achieved by the load capacitance

» As the load capacitance gets larger, the OPAMP usually becomes more
stable but also slower.
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Folded-Cascode OPAMP (Cont.)
® A folded-cascode OPAMP

&
M11 | |'°
Ml M13
| —0__&* |-o-| 1 Vi
T T
|

|
Iias V
b 15? +°_| Ml M2 V
L ~wl JT_J“L —— Ve

B Vin CL_-
] ook | e
bias2 M, = Mg | =

= Mo — ———F M
9led! ] 10

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 5-59 5% % %, Analog IC Design, 2025



Folded-Cascode OPAMP (Cont.)

® Current mirrors are all wide-swing cascode
¢ High output impedance
¢ High DC gain

® Two extra transistors, M,, and M,,, serve two purposes
¢ Increase slew rate

¢ Allow OPAMP to recover more quickly following a slew rate condition

> Because M, and M,; prevent the drain voltages of M; and M,,
from having large transients

» However, if the 2" pole is located at the source of M, its
bandwidth is reduced

® The compensation is realized by the load capacitor (C,) and realizes
dominant pole compensation. In applications where the load capacitance
IS very small, it is necessary to add additional compensation capacitance
In parallel with the load to guarantee stability.
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Folded-Cascode OPAMP (Cont.)

® Small-signal analysis
V., . (S) Jmil
A — __out — Z g) = r //C — ml” out
Vv \/in (S) gml L( ) gml( out L) 1+Sr0utCL
_9m

CL

*

¢ Unity-gain frequency

& 2"d pole is usually generated at the nodes of M,(or M) drain & M,(or M,) drain

P ~ gm6
2~ .
C. (@t M, drain)

> In BICMOS, M¢(M) is usually replaced by a BJT to push P, to higher
frequency. (In BICMOS, w, can therefore be maximized.)

¢ Slewrate  ¢p _ .

L

» M;, and M5 are included to increase SR. (These two transistors are also
used to clamp the drain voltage of M, and M3.)
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Linear Settling Time

Time constant for linear settling is approximately equal to If

nondominant poles are larger than o,(= ®,) ®_345

a

A
For closed-loop OPAMP,

M_348 = B(Dt

: . 1
1/B .. .................. : — TIme constant t=——
0dB : ' bex

v

W-3dB Bwe ¢
For classical two-stage CMOS OPAMP the unity-gain frequency
remains relatively constant for varying load capacitances, the unity-gain
frequencies of folded-cascode and current-mirror amplifiers are strongly
related to their load capacitance. As a result, their settling-time
performance is affected by both the feedback factor as well as the
effective load capacitance.

¢ For folded-cascode OPAMP
_ gml

(Dt -
C
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Linear Settling Time (Cont.)

® -3dB frequency of a closed-loop cascoded OPAMP

¢ Example
® ©
Vin —_
Cload
U[s(C,+C,)] C, . " .
= = , Cp IS parasitic capacitance
1/s(C,+C,)+1/sC, C,+C, +C,

C,(C,+C
CL:CC+CIoad+ 2( 1 P)

C,+C,+C,
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Linear Settling Time (Cont.)

® Step Response

¢ Vout (t) — Vstep (1_e_tlr)
¢ d Vse
Evout (t) |t=O: i

> If the OPAMP slew rate is larger than this value, no slew-rate
limitation would occur

¢ |deal case
» If 1% accuracy is required, settling time (T) is4.67T
> If 0.1% (i.e. 10-bit) accuracy is required, Tgis 71

V Slope=SR
A

Vstep b et vi(t): Input (normalized to V)
- — Vougeal(t): Ideal output

-=== Vo rea(t): Finite SR of output

» {
>

+ SR ! Exponential
O Limited t1 Response

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 5-64 5% % %, Analog IC Design, 2025



Linear Settling Time (Cont.)

¢ If low accuracy is required, t; is not much longer than At
—> Larger slew rate is usually chosen
» Minimize At to keep the response fast enough

' t1 '
G——P
'
'
Low ++ _____________________ A

ACCUraCy =t - »f--‘--’-- vi(t): Input(normalized to Vstep)
..... E VO’|dea|(t): Ideal Output
E --== Vorea(t): Finite SR of output
0:3 = t
’ t1+At .
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Linear Settling Time (Cont.)

¢ If high accuracy is required, t; is much longer than At
- Smaller slew rate is usually chosen

> Increase a little bit of time in At, but still t; >> At

> Greatly relax the slew rate requirement

» Greatly reduce current and thus save power
t

accuracy

-
—”
-
-

vi(t): Input (normalized to V)

Vo,ideal(t): Ideal output

==== Voreal(t): Finite SR of output

|

\
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Fully Differential CMOS Switched-Capacitor Circuit

® Power supply rejection is high

® Larger chip area compared with single-ended output

® Output swing is doubled
¢ DR is 6dB greater than single-ended OPAMPs

® The effect of clock feedthrough noise is minimized by the differential
configuration since it will appear as a common-mode signal.

Vip" e—e T

( /—"—\> v
V (0]
{%\_.._/ ) E Vo

V"‘o—o
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Fully Differential OPAMPs

® Fully differential signal paths
¢ Differential input and differential output
¢ Used in most modern high-performance analog ICs

® Help reject noise from the substrate as well as from switches turning off in
switched-capacitor applications.
¢ ldeally, noise affects both signal paths identically and will then be rejected
since only the difference between signals is important.

¢ In reality, this rejection only partially occurs since the mechanisms introducing
the noise are usually nonlinear with respect to voltage levels. For example,
substrate noise will usually feed in through junction capacitances, which are
nonlinear with voltage.

¢ Certainly, the noise rejection of a fully differential design will be much better
than that for a single-ended output design. (>20dB can be expected)

® Common-mode feedback (CMFB) circuit must be added to establish the common-
mode (i.e. average) output voltage.

® Reduced slew rate in one direction (compared to single-ended design)

¢ Maximum current for slewing is often limited by fixed-bias currents in the
output stages.
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Fully Differential Folded-Cascode OPAMP

® Cascode current source Voo oVt
(Rather than self-biased current mirror)

Vv 3R 3R
— B1 —
~ < Vem
Y e RS R V) W
tay v t—— Y | s
1 !y ] I i | e
= | | = Mg | | Mg cntrl
¢ M, oV, "
M, M,
-|-O—I->—_ A V * T } Ovout
Vi, - — B3
ey Y o L,
- -
?%m — — | _Circuit —o(Vy, for SC CMFB)
M
= M7 > I < I—QR Vcntrl
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Fully Differential Folded-Cascode OPAMP (Cont.)

® CMFB circuit forces the average of the two outputs to a predetermined

value
® Maximum negative slew rate is limited by |5, and |lg
® Clamp transistors M; and M,,

® Dominant pole : output node

2nd pole : node at M, (or M,) drain (usually)

¢ n-channel input and p-channel for Mg and Mg
» High transconductance
» High gain

¢ p-channel input and n-channel for Mg and Mg
» Maximize 2nd pole frequency
» Unity-gain bandwidth can be maximized.
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Common-Mode Feedback (CMFB) Circuits

® [orce output common-mode voltage to a predetermined value
® CMPFB is often the most difficult part of the OPAMP to design.
® Two typical approaches
¢ Continuous-time
» Limited signal swing
¢ Switched-capacitor
» Used in switched-capacitor circuits
» Signal swings are not limited
» Becomes a source of noise
» Increases load capacitance

® By having as few nodes in the common-mode loop as is possible,
compensation is simplified without having to severely limit the speed of
the CMFB circuit. For this reason, the CMFB circuit is usually used to
control current sources in the output stage of the OPAMP.
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CMFB Circuits

® A continuous-time CMFB circuit

L [1g/2+a1  1g/2-Al) @ e

M, M, M, M,
Vout+°—| _l et : I : = _.>!I—°Vout-
Vcnt?l ° | lL I_I
B ™Iy

lo/2-Al ] =

| le/2+Al

¢ The circuit can not operate correctly if the OPAMP output voltage Is
so large that transistors in the differential pairs turn off.

¢ When common-mode voltage is zero

| I
I, =—=2+Al, Il,,=—2-Al, Ilyp=1I
D2 2 D3 2 D5 B
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CMFEB Circuits (Cont.)

® Operational principle of CMFB circuits
¢ For example, when a positive common-mode signal is present
- l,,, and |,,; increase - |,,c increase -V, increase

¢ V., sets the current levels in the n-channel current sources at the
output of the OPAMP, thus, bringing the common-mode voltage
back to V¢,

¢ If the common-mode loop gain is large enough, and the differential
signals are not so large as to cause transistors in the differential
pairs to turn off, the common-mode output voltage will be kept very
close to V.
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CMFEB Circuits (Cont.)

® A switched-capacitor circuit o,

<

@)

<

O

wn

| |

N

O

@]

| |

N
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@]

| |

N

O

wn

| |

|

<

o <
| |
I -
Il 4 I—. \ / l-FI'I'J-- .

i"i<

¢ Using larger capacitance values overloads the OPAMP
¢ Reducing the capacitors too much caused common-mode offset
voltages due to charge injection of the switches.
N _
Vi + Vi v

out .
2 cntrl

~ Vc|v| _ VB4
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Common-Mode Voltage of OPAMP

® Take inverting amplifier (with ac gain=1) for example

Single-ended amplifier FuIIy-differSntiaI amplifier
R
Wv Wv
R R
View =Wy "V | ov v =Wy —+ ._OV
I(CM o(CM™)
Ve O(CM) (C™) ”RM +— o
Set by previous stage MN

. - Set by previous stage R Setby CMFB
® Single-ended amplifier yP ’ g

¢ Input common-mode voltage at V~ = V. (Virtually shorted to V*)

¢ Output common-mode voltage at Vo cpmy = Vem — (Vicemy — Vem)
® Fully-differential amplifier

¢ Input common-mode voltage at V*F =V~ = %(VI(CM) + Voem))

+ Output common-mode voltage at Vo cmy 2 Set by CMFB

without Vos(CMFB) with Vos(CMFB) without VOS(CMFB) with Vos(CMFB)
without Vos(d|ff) without Vos(d|ff) with Vos(d|ff) with Vos(dlff)
DD
V|n+ Vnm |n+ : ; S Vn+: ; : ;
Vin_
GND
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Appendix

® Folded-Cascode CMOS OPAMP

® Current mirror OPAMP

® Alternative fully differential OPAMPs
® BICMOS amplifiers
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Folded-Cascode CMOS OPAMP

® Q,~ Qg are folded and connected to GND

Cascode transistors
I B C&) | B

V|n+“| _,Ql Q> - I" Vin- —o V,
e — .
/ ~ FC
Input differential CVD | ;\\
pair EQ8 Cascode current
mirror
® &
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Folded-Cascode CMOS OPAMP (Cont.)

® Q, ~ Q,, form externally-biased current sources
Q: and Qg form self-biased current sources

—o VDD
VBias2
Qo "IH—* Quo
! o VB|§51
371 | Q4
Vin+_||:Q1 Q> :.II_ Vin- :II II:-::Z”- oV,
! Qs | II-:QG
VBias3 —II: Q11 =C.
l I Q7 | II-:Qs

= GND
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Folded-Cascode CMOS OPAMP (Cont.)

® |[nput common-mode range

Common-mode range is increased (compared with cascode
OPAMPSs). However, it iIs small compared with 2-stage OPAMPs

Vovii + Vovi + Vin < Viem < Vop — [Vovol + Vi

® Output voltage swing

Vovz + Vovs + Vin < Vo < Vpp — [Voviol — [Voval

In+

o——o0 * —o V,
® \/oltage gain *
Vi id o -0 L
A= GmRO — gmlRO _d <T> G gR ¢
o——-0O
Ro = Roa I Rge Vi L )

= |gmaldss(Tasz2 | Tas10)] I [8merdssldss]
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Folded-Cascode CMOS OPAMP (Cont.)

® Frequency response

¢ Bode plot Larglelr CL
.1 m Smaller C
Wy, ~ 0. ~ Smi L

Nondominant pole
o

» Frequency
N
¢ The only high-impedance point is the output node \\\
- Dominant pole is generated at the output node \

¢ The resistance of other nodes at level of 1/gm
- Nondominant poles occur at other nodes
The 2" pole is usually at the source of Q; and Q,

¢ Nondominant poles are usually at frequencies beyond o,
- If C_ is increased, then phase margin is increased
- If C_is not large enough, it can be augmented

¢ No frequency compensation is required - Wide bandwidth

® Slew rate
SR =1/Cy, = 2nfVoy1 = wVov1
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Folded-Cascode CMOS OPAMP (Cont.)

Folded-cascode OPAMPSs have high open-loop output resistance
It has been given the name operational transconductance
amplifier (OTA)

Its high output resistance (in the order of g, r,?) is far from that for
an ideal OPAMP (which has zero output resistance)

To alleviate this concern somewhat, let us find the closed-loop
output resistance R of a unity-gain follower (8 = 1) formed by

connecting the output terminal baclk to the negative input terminal
R R R

R . = o _ 0 _0 Ro ~
TT1+AB 1+A A = T G,
—1t - Rof

A general result applying to any OTA with 100% voltage feedback.

1
For folded-cascode OPAMPs, G, ®01 = R, zg—
ml

J, IS In the order of ImA/V, and R; will be of the order 1kQ
Although this is not very small, it's reasonable in view of the
simplicity of the OPAMP circuit as well as the fact that this type of
OPAMP (OTA) is not usually intended to drive low-valued
resistive load.
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Folded-Cascode CMOS OPAMP (Cont.)

® High PSRR (to-V)
¢ much less susceptible to the effect of high-frequency
noise on GND
¢ power supply noise may be induced from
» logic circuit
» switches of SC circuit
» current switching

* Low PSRR (to-V¢) In cascaded 2-stage OPAMP
¢ GND noise — Q, source - Q, gate - C,R — output
¢ GND noise — Q, source = Q, V. .— amplified and
appear at output

|_W‘N_$output

b — Q.

®
GND
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Wide-Swing Current Mirror

® |ncreased output voltage range

4 VOmin 2 VOV1+ VOV3+ th

1 1o
Qs

Vi+Voy

Q1

-l—GND

VitVov
Qb0

Q2 :||“Vt+vov I: Q1

4 VOmin 2 VOV1+ VOV3

i

Veias=Vi+2Voy
Vov

—.

L GND
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Wide-Swing Current Mirror (Cont.)

® Design example Voo
na si Vo |
a varying signal | <|__ Ibias Vo il
Vbias WéL WéL

e e € W/L

i |JnCox (W/ L) (n+/1)2 W/L | WL

.. MnC W Qs Q2
(- lp, = 5 Vers )

— GND

B

Verr, = Verr, =NV for the target |, =l

Vo, = Vs, = Vg, = (n+1) et + Vin

VDs2 :VDS3 :Vc55 _Vcssl — (Vg + Vi) = Ve
=V, >V + Vg = (n+1)Veff

& A common choice, N =1, V_, > 2V
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Folded-Cascode with Wide-Swing Current Mirror

—o VDD
VBias2
Qo :“ ! L Q1o
| o :I VBI§\81 I:
37| I Qa4
Vin+_||:Q1 QZ :.II_ Vin- | VBIAS4I 012:2040 o V,
. I | 06
Q5 T II':QG
VBias3 —||: Q11 =CL
l I Q7 :II ° II-:QB
' T eno
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Folded-Cascode with Rail-to-Rail Input Operation
® Increased input common-mode range, rail-to-rail or even larger
® \/oltage gain, if 9,,,=0,,5=G,,
¢ A=(9,,19,3)R,= 2GR, for middle V.,

¢ A=g9g.,R, forhighV,,,
¢ A=g. 3R, forlow V.,

— ° Vop ~——
NO) V—IE
R
Vin+_||:Q1 Q> :II_Vin- T, ;\Bl/A?E .l ‘
' } ° ! Vin-_II:Q4 Qs _|F Vins
Q7 :II_I_”;QS | %I
O g S
P 9
- _l_ GND
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BICMOS Folded-Cascode OPAMP
e Configuration +V T

1 R
Vbiasl -
-———Q
\1, 21 Qsc:ﬂ_l ) Q4c
N > L $——e—oV,
(o e 1D Ql Q2 |—0 — CL
QchTngc 1
Vbiasz )
®
’ )
I, ‘1'|
B
@ 1T
Vbias3

® \When it is necessary to drive a resistive load, a low
resistance output buffer is needed
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BICMOS Folded-Cascode OPAMP (Cont.)

® The largest nondominant pole is usually generated at the
emitter nodes of Q.. and Q,.

1 _ 8m1C _ 1

C ,where R;¢c = Relc Il ToQie) | To(Q1) = Reic =

¢ The transconductance of BJT can be much larger than
that of CMOS

= mp, Can be increased

= m, can be increased while enough phase
margin is maintained

= Wider bandwidth than that of CMOS folded-
cascode OPAMP
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Current Mirror OPAMP

® A simplified current-mirror OPAMP

&

1:K | l Klpy
1 1 < \out
1:1 D2¢ 1
— C.
1:K
+ hQ1 QZE“_
Vin * @ 4
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Current Mirror OPAMP (Cont.)

® A current-mirror OPAMP with wide-swing cascode current mirrors

r

HiYo.

Q.

el

b

-+

Vin

Ve 8
LFQ.

n|

T

q)lb

RS Qi

Q13 v Q14

I, =Kl =KI, /2

A

L le__ C.

'*—=—
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Current Mirror OPAMP (Cont.)

(W/L)g — K (W/L), _ (W/L), (W“—)14
(W/L)s " (W/L)g (W/L)ll (W/I—)13
k

Vou(s) =K G121 (8) =K Gy (row // CL) = Imyloue

Av =

Vm(S) 1+SrouCL
(where k is the current gain from Qg to Qg )

Unity-gain freq. (wy): (Dt:kgmlz J Imunccox(W/L)1
L L

total — (3 + K )IDl

Ttotal
kJZ(:g kjun Cox(W/L), K 2Tiotal M Cox (W /L),
CL \/ﬁ CL

k T— O T for a specified power dissipation

Total OPAMP current 1

(Dt:

The important nodes for determining the nondominant pole are the drain of
Q. primarily, and the drains of Q, and Qg, secondly.

Increasing K increases the capacitances of these nodes while also
Increasing the equivalent resistances.
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Current Mirror OPAMP (Cont.)

As a result, the equivalent Pole-2 moves to lower frequencies. If K is
Increased too much, an increase in Cy, will be required to keep w; below
the frequency of the equivalent second pole to maintain stability. Thus,
Increasing K decreases the bandwidth when the equivalent second
poles dominate.

In the case where the load capacitance is small, the equivalent second
pole will limit the unity-gain frequency of the opamp, and if it is very
Important that speed is maximized, K might be taken as small as one.

From experience it has been found that a reasonable compromise for a
general-purpose opamp might be to let K = 2.

Slew rate (SR = %)% Larger compared to folded-cascode
L

Due primarily to the larger bandwidth and slew rate, the current-mirror
OPAMP is usually preferred over a folded-cascode OPAMP,

However, it will suffer from larger thermal noise when compared to a
folded-cascode amplifier because its input transistors are biased at a
lower current level and therefore have a smaller transconductance.
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Alternative Fully Differential OPAMPs
® A fully differential current-mirror OPAMP

1:%.

L :|-+
1 y —_ Vout
CMFB | _ \V/
circuit CM
Vcntrl

high gain
lower thermal noise

¢ n-channel input{

¢ p-channel input { Yc\;ivcxllel/k:‘inooillveidth
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Alternative Fully Differential OPAMPs (Cont.)

® A fully differential OPAMP with bidirectional output drive
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Alternative Fully Differential OPAMPs (Cont.)

® A class AB fully differential OPAMP

Qs 1:K
|_° Vin
Q6 ._V:ut_
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Alternative Fully Differential OPAMPs (Cont.)

¢ The advantage of the input stage in this OPAMP is that during
slew-rate limiting, one differential pair will turn off, but the total
current in the other differential pair will dynamically increase
substantially.

¢ The disadvantage of this design is that the level-shift circuitry
required at the Input increases the noise and adds additional
parasitics, which contribute to the equivalent second pole. In
addition, the common-mode range of the input must remain at
least 2V, + 3V _, above the lower power supply (and typically
higher for the slew-rate performance to be maintained). This is
a major problem when 5-V power supplies are being used, and
it effectively eliminates this design from consideration for use
with 3.3-V power supply voltages. However, for applications
where the power-supply voltages are Ilarge, the load
capacitances are large, and the slew rate is very important, this
approach is quite reasonable.
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Alternative Fully Differential OPAMPs (Cont.)

® A fully differential OPAMP composed of two single-ended
output current-mirror OPAMPSs

5% Reading Assignment p.284 ~ 286
® An OPAMP having rail-to-rail common-mode voltage range

B N S . SV
Valo ] Q.

Q2 V' o4 $-0 VO_ut

out

V,, ok u| =II'63‘FQI——° Vi,
' 'Q, Q,
: Qs Jrov, (?I_\I}_I?T
1.0 ?:M
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Alternative Fully Differential OPAMPs (Cont.)

¢ When the input common-mode voltage range is close to
one of the power-supply voltages, one of the input
differential pairs will turn off, but the other one will remain
active.

¢ In an effort to keep the OPAMP gain relatively constant
during this time, the bias currents of the still-active
differential pair are dynamically increased. M, M,, Qc, Q4
are added for this purpose.

¢ With careful design, it has been reported that the
transconductance of the input stage can be held constant
to within 15% of its nominal value with an input common-
mode voltage range as large as the difference between
the power-supply voltages.
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BICMOS Amplifiers

® Source follower—common emitter

o R = o]
A = [ V, ; V,is Early voltage
Vo1

I

V: ; Vs thermal voltage

¢ Advantages:
> Infinite input resistance
» Higher gain than MOS common source AMP

¢ Drawback: pole at o, = L _Im

1
(- +)171C,0 Cro
ml

(Assuming rpz << 1/gm1 < I7)
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Source Follower-Emitter Follower

Vee
Vo igmp, - L
o—| VO \/| gm2

= GND

® Note: use PMOS input for better output swing no back-gate effect(N-
well process).
¢ Advantages: Infinite input resistance
Low output resistance

gml

n2

¢ Disadvantages: pole at
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Cascode Amplifiers

® Cascode toincrease R,

® R =
— VO
¢ Av - gml(Broz) BIAS
® Advantages:
+ Infinite input resistance Vin°'| m
¢ High gain

¢ Good dynamics(2nd pole at f; of NPN)
® The above circuit chooses BJT on MOSFET.
¢ Higher R,
¢ Higher R,
¢ Wider bandwidth
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Double Cascode Amplifiers

— Voo

§> =M,

M, P
BIASZo—| __|_3 -

— o—oVO
BIAS1 Q, G)
Vin Ql

J_ o—

® Ri = r1'r1 =
® A,=0m1(Imalos)(Bro2)
® Advantage: extremely high gain
(gain of more than 10° achievable)
® Note: A source follower can be added
If any resistive load is to be driven.
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OPAMP Circuits

® Bipolar OPAMP ¢ 5VDD
Y

® Source follower input bipolar OPAMP

¢ Drawback:
» Additional pole at

O m.mos

m,PNP
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BICMOS Differential Amplifier

® [or high input resistance and zero input bias current
¢ Use MOSFET input
® [or low offset
¢ Use BJT input.
® Usually, the subsequent stages utilize BJT to obtain a wide bandwidth.

® BiCMOS OPAMP ' <5VDD
& R=
oW, <p,=om ] e CC|_.__to
¢ Advantages: high W, IGND

(higher poles at f; of NPN’s)
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CMOS Folded-Cascode OPAMP

VDD
H B

Ms
g s B >
T T W,
AR e :%_:E

B_@Elgl_l y

1 0
BiasﬁM—lol—{*Mg
- —1- GND

P, =
ROCL
P, ~ “9ms  ; C.is the total cap. at the source of
Cs the common gate transistors
a)t ~ gml
CL
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