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1. Structure of OPA



Circuit configuration of OPA

Phase compensation
MA— |

Avi Avz ~1
Differential amp. Voltage amp. Output buffer

N 1

2 stage voltage amplifier Class AB output buffer
(CS +CSorCS +CQG) (See chapter 14)

The output buffer may be omitted to reduce the power consumption,
if the OPA drive only the capacitive load or operate with high loop
gain.



AC characteristic of OPA

Ad (Vin+'Vin-) AVVI
+ 1 V
out . 2
1 + .]a) ) Rout3CL

Al

Placed by the phase
compensation at ®, < ®,

y

cou(GiBP)

g -20dB/DEC

'p2

En
el

i

i ®
\ '\ -40dB/DEC

- I+ jo/w,, ?

Dej

penc:ling on C

»

>

®

Placed by Cy )
01
;ETVOMJF O \
90 -4
S180 [ oo

The phase margin is decreased
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2. Analysis of 2-stage single-end OPA



Structure of 2-stage OPA

’ ’ +—VDD  The power consumption
of impedance buffers

M3 ] [ M4 [ M6 often large. If the high
load impedance is
¢ || :
|

estimated, consider the

c unbuffered structure.
Vin_ ||: Mi M2 :H Vin+ ] Vout
VBias IE IE H: M7
M5a M5b
: . +—VSS

Differential amplifier ~CS amplifier  (without the output
Ay = & g2 Vi) 8~ (T 11 g7 buffer)
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Phase compensation (1)

Constraint for o, and ®,

Cannot used for the NFB circuit
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Phas

e compensation (2)

Constraint for o, and o,

_ @220,
Constraint for o, and o, { b
w. 210w,
4 (The generation of zero is inevitable in the
A feedback phase compensation circuit.)
Ay ; -20dB/Dec
i -40dB/Dec
OdB _____________ (oo T g /_ .................
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Miller capacitance phase
compensation technique

Ce
| |
| |
MZ\
o_ —
AVI ¢ b ¢ O
MI T Cos6 M6 T CL
Output Vv Output g
resistance R resistance Ry,

The input parasitic capacitance of M6 1s C,, but the input capacitance of
the 2nd amplifier 1s controlled by the Miller capacitance C,,.

Cy =4, Cc+ Cgs6 ~ Ay, Ce
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Design of the frequency response

Pole and Zero frequency and the circuit parameters

112

1
@

(Miller effect)
7 (AVzcc) ) Rol

A g
w =4, -4, o, =—"1—=2"
u Vi V2 pl CC ‘ROl CC

(Miller effect)

o = gm6
‘7 C. (Feed forward through C.)
1 g6 : .
o = ~ om The output capacitance of 2nd amplifier
PEC RS C ( put cap plifier)

ﬁ

In the frequency range more than o, the input signal and output signal
level 1s comparable, approximately, A,,=G,, R ,=-g.. R,= -1.
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Constraint of the phase compensation

60° Phase margin Separation between ®, and o,
w,,>20, w, >10w,
gm6 >2gm1 gm6 >10gm1
C, Cc Ce Cc

N/

Phase compensation | &me = 10g,,
Constraint C.=20.2C,
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Location of the zero (1)

The phase compensation using C requires the constraint
g > 10g_, to remove the influence of ®,. this method
requires the very large g_.. RC phase compensation can be
used to evade this problem.

ZC
C. R, C.
Vin o I I o Vout Vino AN I I o Vout
ngm RO |:> gmvln RO
add R,
1
R,g (1-jw-C, 1) t Rogm(l—ZC )
3 — 1 = R
v 1+ jow-C.R, K 1+-¢
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Location of the zero (2)

, 1
“Ryg,1-jo-C.(——R.)}

m

1 1+ jo-C.(R, +R,)

1 :_ROgm{l_.]a)/a)Z}
- I+ jolo,

Method (1) : If R= 1/g,, ®, — oo (Nulling the zero)
Method (2) : If R-> 1/g_, ®, 1s located in the left half plane (the
phase turns counterclockwise.)
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Practical R. implementation by
MOSFET output conductance

Sa size

VDD
.'CH:IMQ' Ipse = TP(VGL% _VTp)2

7
4
4
s
-

a DS6

Voutgm6 v, ﬂ Viss — Tp)

L

N , C
] ~vier = B, Vs wer =V Wos wer == Vs e
MC2 }: DS _MC1 GS MC1 7p /)" DS MC1 7 DS MC1

| | }‘ g _ aIDSJMCl
ds_MCl
Mclﬂ I% - aVDS_MCl

+«—VSS
M7 and MC4 are the same size. _ oo
M6, MC1, MC2, and MC3 are the same size. Em6 ~ Sds MC1> Oz

D (see slide 14)
Vas mcs T Vas mcz = Vass T Vas mcl \

VGS_MCI - VGS_MC3 T VGS_MCZ - VGS6 VGS6 T VGS6 VGS6 VGS6

Differential
Amp.

= ﬂp (VGS_MCI - VTp)

VDSfMCIZO
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Indirect phase compensation (1)

ﬁ* Blocking the feedforward path by the feedback buffer amplifier
C

‘ Feedback path

V; ¢ \Y . .
" I/ . lin — ]a) ) C(Vin o Vout)

” Vout = _A ) Vin

l. ,
S P v = je-C(+A)
n |/ out Vout
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Indirect phase compensation (2)

Source follower feedback buffer Common-gate feedback buffer
- VDD ‘ VDD
Vio :;”:l VB1a514°|
4
CC :H ° Vout V | i C
CM C
' b t—Vau
VBias I 5 I Iﬂ VBlas2 I |:
y “— VSS - VSS
Advantages:
* High SR, High o,, High o, small C,
Disadvantage:

* Additional power consumption
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3. Design of 2-stage single-end OPA



VDD
\/vin—|__\/in_A ! T !
R M3 ] [ M4 [ M6
s t y Vout
Veap Lpss t || T
V B ~or =E
s VoL ML M2 I Vi, Vi, f I
1 1
Ve == | {pssdt =22 ¢ VBias H— [ M7
p C. .[ C. B MSH_ I
SR — ]DSS VSS

SR 1s limited by the current Iyq (Ipgs) and I,
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Saturation of M4 (1)

VDD

VGS4 Vbs4 lVGS6
Viss 2 Vess — VTp =Aors M3 :||o—o—c||:

M3 always operates in the saturation region. ¢ °Vout

Vino—lL M1 M2_]— Vln

VDS4 — VGS6
If VGS4 — VGS69

VBias I [ I I: M7

Visa =Voss =Visa 2 Vesa — VTp =Aopy

M4 always operates in the saturation region.

g

MOSFET size should be optimized for Vi, = V.
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Saturation of M4 (2)

It Viss =Vises ! ! I

lVGS4 lVGS6

w M3j—e{ M4 1—4 M6
! pss _ L) 1 | t— Vout
Ly Z Ce

L), Viee— LMl M2_|F—Vy,
Viss = Vs

/K VBias I I M7
s _ L), VGSST M> . VGS7T
L. (W VSS
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Saturation of M4 (3)

{ Ipse =1 ps7
o5 = 2Loss +VGs4 lVGS6
]DS6 _2]DS7 M3 | | M4 ‘ CI M6
L sy 1 ;s | T | t— Vou
Ce
Vine— LMl M2 _J—Vy,
Saturation condition of M4 .
/4 /4
\Lj \Lj VBias I I M7
/W\6 :2/W : VGSSTMS | VGS7T
\f/ 4 \f VS5
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Systematic offset (1)

VDD

M3 .jD—e( [ M4 1—4 M6 v Random offset
5

Systematic offset
I}lynw Current balance of M6 and M7
o t Process variation of V
Viee—IL ML M2_|F—V;,
1 lIDS7

VBias I ’J I I: M7
M5 j

VSS

When V, = Vg ( differential input = 0),
the output current = 0 or Iq, = Ing
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Systematic offset (2)

/B3 2 \
Lpgs = (V ~Vi) This constraint 1s same as the

,35 ) saturation constraint of M4.
I DS5 — (VBzas Tn )

< p p
IDS6=&(VB—VTP)2 j> szzz

1 ! g7 187( Vgias — n)2 (W (W
L L
WhenV, =V, W/6=2 7 !
Ipse =1ps7 < slide 23 (L ) (L 5
— ]DSS )

]DS3 _ 2
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Input-referred noise (1)

Channel noise model of MOSFET

Val() ? Thermal noise Flicker noise
K 1
O—< :>—|[ V2(f)=4kTyEd 0/ (V? /| Hz
() 7gi wiC,  f )
O

~ 1024 2
vy = 2/3 (Long Channel) K, =10 (VI F)
1 (Short Channel) K = 1072 (V2 / F)

The channel noise is observed 1n NOTE: Large L is better
the output terminal, but the noise for the low noise amplifier,
PSD is normally described as an because of large L*W.

input-referred noise PSD. s



Input-referred noise (2)

Intrinsic noise density of the differential amplifier

( Thermal noise Vnz (f)=4kT( 1 + g”; ) (Total noise from M1 and M3)
< gml gml

: . K, K
" Flicker noise V()= = (1+ )

wLC, K, WL f

NOTE: Assuming that the differential pair consists n-ch MOFET
and current mirror load consists p-ch MOSFETs.
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Orocess variation

Mismatch of MOSFETs by the

VOS 2 =Ves1 = Visa Vout A
DS5 1 pss
Vi + Vigs — !
s 2>+,/ Loss g 121 j ;
B A /
| Vinl o Vin2
~ (V. )—— 1 s [181 ] — ) —
1~ Vi
ﬁl ﬂl VOS
V..—=V.. A A
— AI/Tnl—2 e nl [ ﬂ]l—Z = AI/Tnl—Z OVI [ IB]
2 b 2 B
VOS_3—4 =Vis3 = Vesa
Vees = V. Ap A Ap
= AVTn3—4 —— ) L | ,83 ]3-4 — AVTn3—4 — 31/3 | ,83 ]3—4
AB. . 8w AP
VOS = AVTn1—2 ZVI | 131 ]1 ) T m? [AVT 3-4 Zm | 183 ]3—4]
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Optimization for the noise and
process variation

* Thermal noise
 Differential pair MOSFETs: Large W/L
e Current mirror load MOSFETs: Small W/L

* Flicker noise
* Differential pair MOSFETs: Large W*L
e Current mirror load MOSFETs: Large W*L

* Mismatch offset
* Differential pair MOSFETs: Large W, L
* Current mirror load MOSFETs: Small W/L (Small g,../g..,)

NOTE: Consider that the L and W influences the frequency response too.
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Design constraints

(1) Phase compensation -1 () Open loop gain/
(4) Maximum common-mode input, Thermal noi Phase compensation

’ DD
(}) N MC3 /4
Lt (W M3

il M4 b ~ L MS

v N j Cc Vout
VoD w2 eV b -
(3)GBP ~ | Me2 T
| Iﬁ, = = |
Mb5a M5b MC4
| A\ [ vss
\ \
(5) Minimum common-mode input (2) Slew Rate (7) Systematic offset
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4. The function and structure of
Full-differential OPA




Function of a full-differential OPA

Vin+ —t
V' - |= Vout

Symbol of Single-end OPA

Function

%

out

:Ad(Vi; _I/u;)

A, = Differential Gain

(V= ev
Vin+—+ = Vout_ 2A
Vo b v | Ve =)
\ Vout — VOZt o I/o;t

Symbol of Full-differential A, = Differential Gain



Advantages of full-differential OPA

e Feature of full-differential OPAs

e Cancellation of common-mode noise

e Cancellation of clock feedthrough and charge injection
error (essential for the discrete analog circuit)

e Cancellation of even-order distortions of MOSFET

Differential output — Differential input
Vout+ /\/

Circuit A Circuit B

A

i




Cancellation of common-mode noise

Digital signal Errors
Vsig ¥ Varift

\/ AVL CMOS SW|tch AT

V + Vdrlft + Vn0|se

_+\> S~
— 11—+ +
— Switchmg noise Cross—talk noise
W& DY — - --5-4{--5-- Subtracter N
“Vsig T Varit Vsigt Varift ¥ Vnoise Vsig
leferentlal Differential signal ~ Error-free
signal and errors differential

signal

Drift : A slow shift of the common-mode voltage is often observed as a drift.
The drift error occurs by a temperature change easily.



Circuit configuration of diff. amp.

Gain = 1/2 times lower for each output port and mirror symmetry

Current mirror load :> Current source load
Vb ? ? Vbp / ! : ! /
lss/2 : lss/2
o | 0 L | = |
— Vblasp -—
—_ — | _|=
lout = |D1 |D2 Iout I out
\/mJr | Vin \/inJr | : | Vln
lIDl In2 l lIDl : I l
_______________ leo/2 | ] 1/
————— | --- SS ~ ! -\S\S\
Vbiasn ¢ | llss g | I ||: 1 \

v I s S Viiasn ] 77
SS ° ¢ E ¢
SS | .
/ . Mirror symmetry

Current subtraction lso/2 = (I5; +1p,)/2

common mode rejection lout” = lss/2 - 1n, = (Ipq - 15,)/2
lout = lss/2 - Ipy = (I - 1p4)/2
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2-stage CS full-differential OPA

VDD Vbiasl
; | M2L M2R | d 20072
M4R ) I 3072 I ) M4R
V.. CII él \V, +
out out
—— CL o_H: MIL 1\6321]5(:”_0 +CR
CLL Vin Vin Crr
Y lss/2 | ‘ ’l lss/2 v
M5R | —H——1 [~ M5R
o lss CMRR O
C, PSRR JAN
Go = &t (Tt 11 742) * 8 s T 11 7y5) Gain A
1 Bandwidth, SR X
“n = Gona Fgy 11140 ) - (Fygy 1 145) - C Power A
— gm4
=70 . L .
L NOTE: GBP increases with increasing g,,,, but power

o, :% consumption is increased with the g, (g, &< I5°~).
C



Characteristic of cascode OPA

VDD | Vbiasl [ ifi
CG amplifier
SR =—
Vbiasz CL
1 MSL F_$_4 MSR + GO = gml (gm4 .rds4 .rdsl)//(ng .rdSS .rdSZ)
Vout » 2blid L Vout 1
— [ 7 O I c
B | | L c (&a  Tasa Tas) 1N & s Tags "T4s2) €,
Co= M4L_|F—=—[ M4R (o o
Vbias3 10/2 w, = S
v v CL
Vm+o_| MI1L MIR |_0Vm' The voltage gain of M1 is about unity and the
1072 Miller effect is negligible, thus, Q9 = 0,
1 1 (The Phase margin depends on the C,.)
M3L_]| v L M3R CMRR O
VSS | bias4 | 10/2 PSRR O
Gain O
The bias current of M1 and M2 is Bandwidth, SRO (depends on C,)

reused for the M4 and M5. Power O



Cascode bias circuit

See Chapter 4, Wide Swing cascode current mirror.

VDD
Wp/ Lp l Iref l Iref
:“; ei[ ﬁlE VBiasl
W,/L,
Wp/4Lp :”> jls GIE :IIE‘ VBlas2
Vie
Voltage f - [ Ww4L, || EI VBias3
Reference W./Ly
l Iref l Iref :l I—'_ VBlas4
W./L,
VSS
Vi jLon Definition of the bias voltage
VDD
v V..
A =0V VbiasZ biast
v A V..
A\L\OV bias3 Vbias4
VSS Tvo ¥ A,



5. Folded cascode OPA

NOTE: The folded cascode OPA consumes larger bias current,
but it has some advantages, such as wide input range, good
stability, high gain, which these features are suitable for IP.



Ca
CO

Vit AOV(IDS)< 1 G

culatio

MIMON-

Ips

\
D

S

Vs = Vs

N method of the

mode range (remind)

Ips
D
‘\Mln - _VTI’I
Min. = AOV(IDS)< —oa
Vrn + Aov(Ips) Vin + Aov(Ips)
S

Vps = \Xx;s



Common-mode input range of n-ch
input differential amplifier

VDD

Doy, \\@

o—
-V,

7
N
Vi, + Bovs !

L

AOV3

VSS

___________________ i Aoy =V, <0

Common-mode input range
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Common-
ch input d

VDD

ode input range of p-

ferential amplifier

AOV?)
M3L |p—+—q[ M3R
Vhbiasi Vi [ +A o1
o——g 1\% MIR _|p—o
\ ov1
_|VTp|
Viiass | ° Common-mode input range
\VQL —4—[ M2r
A
ov2
VSS —e——— 4




Common-mode input range of n-ch
input differential amplifier

VDD

Soz ML
Sovs ML

Aova
a
_VTn
1L
Vin + Bovs \ |

VSS

NO
A
— —~

-AOVZ + AOVS + A0V4 _ VTn

Common-mode input range

VTn + AOVl

High gain, small input range, and small output swing 42



FO
SO

ding technigue of the current
urce load (single-end)

The differential pair and the current source load can be separated to enhance the signal
swing and to reduce the bias voltage tolerances.

VDD
M3 Jp—r—q[ M4
Ml M2 ° Vout
Vin+°_”: :”_ovin-
Vbiasl_”: M5 Vi IE M6 ”: M7

VSS

T

Separate the transconductor
and current source load.

— VDD
M3 ]ID——CIH M
Folding
M1 r M2
+ . -
—C  Jr—viy, 4L |
/ +——o Vout
Vbias3 IEMl()//‘”:Mll
Vbiasl_l M5 Vbias2 IE1\/[6// ”:‘M’]
/ «— VSS
cascode
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Common-mode input range of the
folded cascode amplifier

! — VDD i iéom o VTn <0
Doys <M3 :H>—o—c||: M4 common.
RY, s mode input
" 1 Doy M2 | range
4
Vin OQE > :| |——oV1n Viina <‘|.| E s <“: MO
* +— +——oV
Vin+ Bovs I | out VTn + A oVl
Vbia?» lLMlO ||:M11
Vbiasl_—l |: @ AOVS VbiasZ IE M6 H: M7 - AOVS
* . VSS




Full-Differential Folded Cascode
OPA (or OTA)

Bias current
% source

Vop | M6Lb ! Viias ! M g(I)/{Zb T 302 jcrans—
Mé6La _|p g 3 —— Fo@gﬁ\ M6Ra impedance
— SId\ amp.
= 1 Vbias2 ¢ ] —4 3072
M4l b 1 4 4R
| 10/2 J
Vout + - Vo t
& 3 Vo[ MIL MIR |-V, $—o
| | 102 ¥ 1
Co/= wmsL_|| ' L MsR —Co
Vbias3
Avd [ 9 Avd
| | | 1012 10/2
M2L || I | M2R
M3L Viasa 1\{3R
VSS o o o .

Mail

Current source load

(Same as a circuit shown in previous slide)
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Common mode voltage range of OPA

vbb
N
AN AN
Input range
V
VSS R e A2 A4
Dual-supply OPA Single-supply OPA Rail-to-Rail OPA

[ J
Y

These OPAs operate under the condition
that VSS = GND. This feature is useful for
many sensor applications.




Rail-to-Rail input stage

Rail-to-Rain input OPA can be composed with p-ch differential pair

and n-ch differential pair

VDD
* A0V3 _VTn <0
common-mode
input range
v +
VTn + AOVI
vss TN Aoys

n-ch input

A

ov's
| VTp | +A0V1
A 9

common-mode
input range

"Aoys—| Vi, <0

p-ch input

common-mode
input range

\

y

CMOS input



Rail-to-Rail OPA

V R .
bDb M6Lbn M6prL Vi |M6Rbp| M6Rbn
M6La b b—4— 0 d 202 d[ MéRa
— 1 30/2
? Vbias2 t
M4L l [ m4r
Vour 302 V..
) Vi o] [ MiLp MIRp b o Vi, Y ou
c MILn MIRn |
L—o—  M5L ? 10/2 Il M5sR —|—Co
1 Vo ¢ —3 102
v v
5 | | | + |
M2L | | VT | | | M2R
M3Ln l_M3Lp bias#  |M3Rp 1M3Rn 1072
Vss '\/' 102 10/2
p-ch inpu
n-ch input
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6. Common mode feedback



Common Mode Feedback (CMFB)

* Common-mode voltage V.,

 The common potential of the input and output nodes in the full-
differential OPAs cannot be defined in the circuit. Therefore, the full-

Sl/ifferential OPAs have to be controlled with the common-mode voltage
CMm:

 The common-mode voltage is applied to the common-mode input.

* | orl,,qshould be controlled by the common-mode voltage,
because,

+ — - —

IIoad_L + IIoad_R > ISS =4 Vout - Vout = VDD
+ — - —

IIoad_L + IIoad_R < ISS ~ Vout - Vout =VSS

t VDD

Voltage
<
(@)
<
§
|
|
O
O
3
3
O
7
3
o
Q.
™
=
o
(-
—
-3
Q
>
0Q
D

VSS




Operation of CMFB

CMEB keeps the bias condition: Iy, + l5,r = lsc.

N T |

. [Vewmrs " -
< i (Vout + I/out)

: . 9
les Or Ij5.4 1S |
controlled by V -

Wide input range . » CMFB Amp.

differential amplifier CMEB circuit



CMFB circuit for continuous-time OPA (1)

Vout_ \/outJr VDD
m Qﬂ» Vo
Rsum Rsum |
I | Veum

R..m IS @veraging resistance. | |
The output buffer is required for the OPA. Viiasa
C, is a speed up capacitor for the phase
compensation of the CMFB amplifier (It is . .
required in the case of large R,,). Vg

Implementation by the summing amplifier



CMEB circuit for continuous-time OPA (2)

Dual differential pair CMFB

M3 M4 [
VCMFB

!l

r

-_] VDD

Yout o——r T Vour
vt M1L M2 JFevyy
Vout_o—l

M5 Iss

h

The load current is controlled
by the common-mode output

Vem
Iem @ Iem
VSS

CMFB

referred by V. R.AWhatley, U.S.Pat. 4, 573, 020, (1986)



Symmetrical imple

mentation of

continuous-time CMFB
VDD
—d[ 3072 30/2 |pb—
;\ F_l l_4 ¢ o VCMFB
Voure—i[100/2 || ! [ 10072 J}—o Vour*
| Vem |
Vipiast — | | |
10/2 10/2

VSS



Switched capacitor CMFB for discrete-
time OPA (1)

Reset Mode in the phase ¢1 N
Vout  Vout  Switched capacitor CMFB circuit

VDD

Iref

| o~ |
M35 s |
- VSS

q=Cr(Vey _Vref)

D. Senderowicz et al., IEEE J. Solid-State Circuits, vol.17, p.1014 (1986)



Switched capacitor CMFB for discrete-
time OPA (2)

Amplification Mode in the phase (2

Vout Vou' Switched capacitor CMFB circuit

' ' VDD
MJJH{IW ;

Bias

=
Vin+°_||: M1 M2 :”_ovin_ 4y 91
? CR CR? Iref

- Vours %2 | 1V

M5 'Iss

VSS
4+, =2C,(Vey, = V)
{ = CR (Vo;;z o VCMFB) + CR (Vo;t _ VCMFB)
If the common-mode e

_ out out
output = Vg les = 1o Vewrs = =575 =Veu + Vg




Cancellation of the parasitic
capacitances in the CMOS switch

Vout+ Vout_
VDD
M3 F_T_CH:|‘M4 ~ -~
VBiaS ¢ o ®
e - =
Vin o[ M1 M2 |Fovi, ;
Ca—— — Cy Cr Cr I
- : Lﬁ e q—>-d;-Aq '

| Vemrs | N < |
M5 "Tss o~ TATTTITALY I — ” |

*— VSS
Cancel of the charge

injection error of CMOS
switch



Symmetrical implementation of
discrete-time CMFB

VvoutjL Vout_
d1 $2 $2 d1
Ve —— ~ . ~—Veum
C.= Cox =C.p =C,
Vref ~ O < *—* Vref
o1 ¢2 ¢2 o1
VCMFB

Symmetric schematic (intended for layout design)



(Appendix) Discrete-time operational
amplifier with comparator

C,
| |
+Q'-Q < 7
C, VDD
+Q -Qj
G
C,
V1 | |  1_ OouT
oyl v [> Vi— T _
\C/le >' 2 +QI I—Q +:_ HVQ
$ L 7 out
The output voltage V, is regulated CLK
;c)o keep the virtual ground, i.e. V, = VSS

Equivalent circuit with comparator

The discrete time OPA can be replaced with high-precision comparator to
implement the differential amplifier, because it is difficult to design the
high gain OPA with the fine processes.



