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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Single-Transistor Topologies

Operational voltage amplifier (OpAmp)? Supposing forward saturation,
drain is selected as output port

due to its high impedance (CLM):
Current-driven bias point
to control circuit power

Ibias Ibias Ibias
Vout Vout Vout
Vin - . v
mn
Vi
Common Common Back
source gate gate
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Mono Differential

2. Single Stage OpAmps

Single-Transistor Topologies

Operational voltage amplifier (OpAmp)?

Ibias
Vout
Vin

Current-driven bias point
to control circuit power

/

Vout

Ibias

Vin
D_{

Power Common _ Common
\ l<n<?2

Moderate G,,/lp A Highest G,,,/Ip
A High input impedance
A Inverting amplifier

Easier

N
feedback @
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CMFB Folded Cascode

V¥ Low input impedance

¥ Non-inverting amplifier

Gain

Supposing forward saturation,
drain is selected as output port
due to its high impedance (CLM):

I bias
Vout

Back
gate

V¥ Lowest G,,/Ip
V¥ Low input impedance
A Inverting amplifier

V¥V Latchup
V Triple-well required
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Voltage Transfer Curve

Large signal analysis of common source amplifier:

e.g. autobiasing

Ibias ‘
Vout G(DC) t
M1 operating in Vin :
strong inversion and »—{ M1 Vb
forward saturation: \ 1 e e
OR = Vpp — 2Vsat
(E) V=0 unless specified

Ip = 2& (Vap — VTH)2 14+ AX(Vbe — Vsar)]

n -~
] AN s
. 2 CLM negligible
Ibias = % (‘/bz'as - VTH) in |arge signal
2nIbias
Vbias = 5 +Vru v M1 in saturation
sat M1 in conduction
0 '
Vo Vep —Vra _ Veias = Vrm [ 2lbias 0 Voias Vbp
sat n n 715 Vin
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Gain and Frequency Response

Common source small signal analysis: Incremental equivalent circuit:
mes =0
Ibias V Vin © ' ° Vout

out VGB = %ias + Vin #gmgvm § l/gmd cload

v Vbp
“3—{ M1 = Clpud Vbp = == + Vout <
l VSB =0
[o) M1 strong inversion  Ipjqs > Ig = QnBUf
and forward saturation
Go—rp n bias point Viias > Vry
g%gmgvgb T 9ImsUsb %\J%gmd'vdb Vout > ‘/sat
Vgb Iy
Usbh Vdp | D
_ _ _ S 7
Bo
Ge + + q _ \/2ﬂID — \/25161'@5
%L> 9ImgUin T gmso %L> ImdVout g n o n
Vin
0+ 9dmd = )\ID = >\Ibia,s
Vout $
_ _ _ S
Boe
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Gain and Frequency Response

Incremental equivalent circuit: DC voltage gain
G - Vout
Ibz’as Vin
Vout
G(DC) = —Img
Vin DO) = =
0—{ M]_ Cload gmd w
l (%) T 3dB/oct
1 [ 28
DC) = —=
v Vout G( C) AV nlpiqs
in © n ! ° Uou
#gmyvm é”gmd lcload 6dB/oct LT/ \
_ T Ipias | 3dB/oct
~
(%) .
L In general, for CMQOS amplifiers:

‘G(DCH = GinTout

/ N\

input output
transconductance resistance
v —1 T — v

M1 strong inversion
and forward saturation
bias point
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Gain and Frequency Response

Incremental equivalent circuit: Spectral bandwidth
_ _9myg
G(DC) = —Ims
9md
open-loop  (|osed-loop
I a8 "
’ v GO+

N7/

=
I

<

=

Q

S

SH

20log|G| [dB] g

i
N
C

0 \\
Uin © ° Uout
* P 1) l ‘ max. closed-loop !
B e Gmd T toad (i.e. follower) BW Frequency GBW
v
W
27 Cload Ipias T 0.50ct/oct
2B8Ip _

M1 strong inversion Gmg = o= g 1 281

and forward saturation GBW = —~ — 1
bias point

27Tcload 27Tcload / n

(%) T 0.50ct/oct
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2. Single Stage OpAmps Mono Differential

Dynamic Range

Noise equivalent circuit:

+
v O—O—+ 4+ ! ° Uout
~ . 1
f # GmgVin é}lnth § 1/Gmad T Cload
v

vy, s _ K1 diny, §KTngm
i WL a3 g

Uncorrelated phenomena and low-frequency:

[G(DC)?

2
dv?bout — §KTngmg + ka (gmg) 1

2 g DfE [ Ymg
Vnouwt = s HKTn== B e In =
BW

CMFB Folded Cascode Gain

Thermal noise contribution only
(f > flicker corner):

Vbp

Vout VF S

‘/S(lt

Time

Equivalent input noise:

—— o Vout

Vout = Unout + G(Uzn - Uout)

v - Gvin + Unout ~ v Unout
out — — Uin
1+G G
——
VUnin
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

: Thermal noise contribution only
Dynamic Range (f > flicker corner):

Noise equivalent circuit:

Vbp
v o—d—_'_ » L o Vout
nik #gmgvin é}inth § 1/gmd T Cload Vout Vrs
i} T
) ‘/SG,
dvifk _ kal dz%th _ §KTngm 6
df WL f df 3 7 Time
2 2 3/2
8 gm Gm fa 2 . Unow _ SKTn 8 KTn3/?2 BW
2 -KT 4 — =7 In Unin = =;—BW =< 53
Unowt = gKTW s (f2 ~ i)+ WL fl GDOE ~ 3 s 38 T
BW
V, 1.5dB/oct
AN
Ba_l"l_dwidth Dynamic ;
emperat yn 5) _ 2 .
S gply ure Range DR = VFS/Q\/Q _ 3\/§ (VDD QVsat) /BIZ)ZCLS T
Power Unin 64 KTBW n3
T 3dB/oct
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Full CMOS Circuit

Similar performance analysis: Large signal VTC:

:|_ Vbp

M3 F—%:{ M2 M2 in conduction
Vbop — Vsatg T 7mmmmmmsssssstponne s L

Vout M2 in saturation
Vin ]
°—{ M1 C(load

Ibias

K

< OR
All operating in strong inversion and
forward saturation bias points:

Vaat1 = 27?5“ Va2 = 25’;‘“ Viast Joveeeveeeemmmmeseeeseeeh .. M1 0 saturation |
1 2 M1 in conduction
0
w |
(T)Z 0 Vbiasl VDD

OR =Vpp — Visat1 — Vsar2
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Full CMOS Circuit

Similar performance analysis: Small signal gain and bandwidth:
1
9mg1
G(DC) = —
M3 %1{ M2
Fﬁ Vour Imd1 + Gmd2 (%)1 4 3dB/oct
Ibias V;"n—{ M1 Cload G(DC) _ 1 2B1 T
17 l B )\1 + )\2 nIbias
6dB/oct Lo 1 Ipiqs T 3dB/oct

Vin © n ° Vout
1 1
fl).
#> gmgl wn § Imd1t9md2 T Cload

All operating in strong inversion and BW = dmdl + gmdz
forward saturation bias points: 2T Cload Tpias T 0.50ct/oct
(K) o QBxIbias GBW = Imgl = 1 A/ 2ﬁllbias T
Lz Imgz = n 27Tcload 27Tcload / n
L, Imdz = Melpias (%)1 T 0.50ct/oct
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2. Single Stage OpAmps Differential

The Mono-Transistor Amplifier

Differential Topologies

Common Mode Feedback

Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential vs Single-Ended

Single-ended OpAmps:

Ippp ML Vippa

_Power rails Digital Hﬂ_ﬂ_ > Vout MMW«
resistive parasitics V. I:Ml s
S WMW\
oW Wil \

Capacitive/inductive
coupling parasitics

A Compact area and power

V¥V Poor signal integrity Dynamic sources of interference:
Large signals (e.g. digital states)

Power supply currents
EM fields

Temperature gradients

Mechanical stress
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential vs Single-Ended Vo = Vouty — Vo
- . Vv . Voutp + Voutn
Pseudo-differential OpAmps: oute = 5
Signal true info /MW l
\ Ippp N
Vind = VYinp - V:mn o ﬂ_ﬂ_ﬂ_ Ibias Voutn Voutp Ibias |—|_|—|_|—|_

Vine = Vinp £ Vinn ‘/:inp°—“1im—{ M1 — W W — M2 }——o Vinn
/ 2 b T b
Signal baseline only WW il

A Interference rejection

V¥ Area and power overheads (x2)
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2. Single Stage OpAmps Mono Differential

Fully-Differential vs Single-Ended

Pseudo-differential OpAmps:

CMFB Folded Cascode

Gain

Voutd - Voutp - Voutn

Voutp + Voutn

Voutc -

Signal true info — /MWW
\ . Ippp NI
Vind = ‘/inp - V:mn ﬂ_ﬂ_ﬂ_ Tpias
Digital 1

/

Vinp + Vi
‘/"inc i mp mn VLn ' Ml
9 p

Voutn outp

V.
- o0 — + o—o

2

W

Signal baseline only FMWWW

Vbp
A Interference rejection

Vbp
V¥ Area and power overheads (x2) 2
A Full-scale extension (+6dB) SNR 0
V¥ Noise increase (+3dB) (+3dB)

—Vbp

Voutd

Time
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential vs Single-Ended Vo = Vouty — Vo
- . Vv . Voutp + Voutn
Pseudo-differential OpAmps: oute = 5
Signal true info /MW l
\ Ippp N
Vind = ‘/inp - V:mn o ﬂ_ﬂ_ﬂ_ Ibias Voutn Voutp Ibia,s |—|_|—|_|—|_

Viow + Vi
Vine = —2 Lnn Vin o——{ Ml —— W W -— M2 }——o Vinn
/ 2 " bt WA

I
Signal baseline only WMNWW
Vbp — —
- - /// \\\\ Voutn //’ \\\\
A Interference rejection /‘\ /
Vbp
V¥ Area and power overheads (x2) 2 & > U /
A Full-scale extension (+6dB) | ¢\ o 0 —
V¥ Noise increase (+3dB) (+3dB) .
A Distortion cancellation (even harm.)
: . -V
V¥V Limited by device matching o Time
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology:

1 ; 1 : 1

T L
M;Ii] }3 # M6 M7 FJ
Tvias (‘D Vinp o—{ M1 M2 }—" Vinn

@ [

A

IS

| o

S

+O

£

+
ﬁ&

1 2
\ device
( Vind = Vinp — Vinn multiplicity
W
) V- - VMP + an M X f
| Vine & 5 /
. same
( outd — Voutp — Voutn aspect
4 ratio
. Voutp ‘I’ Voutn
Voutc —
. 2
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Differential input only:

1 : 1 : 1

1 L
M}]F d| s M7 FJ M | pr——d| Ms
Tvias Vmpo—{ M1 M2 }—onn foras ?o—{ M1 M2 }—o?

@ [ s | [

1 2
\ device

=

I

|

3

+O

I

+
J;
=

I

~

( V;'nd = Vjinp - Vthn mU|tIp|ICIty
w
1y VitV  MXT
| Vine = 5 /
. same
( Voutd - Voutp - Voutn aspect
4 ratio
. Voutp + Voutn
Voutc =
\ 2
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Differential input only:

1 : 1 : 1

T T |
M5 }3 # M6 M7 M5 }%H M6
I 1a8 4 I ias E
’ <> ‘/inp O_{ M1 M2 }_" ‘/znn ’ ‘/inp °—{ M1 i

@ [ s | [

1 2
\ device

Vout

M2 }_" ‘/znn

A

IS

| o

S

+O

IS

+
ﬁ&

( Vind = Vinp — Vinn  multiplicity ¥ M5-6 current mirror asymmetry
< M X K
V. = Vinp + Vinn /L ¥ Not full cancellation of unwanted terms
2
. same 1 _ 1 1
C Vowrd = Viouty — Voutn i A Mostly used for single-ended signaling
) ratio
. Voutp + Voutn
Voutc —
\ 2
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Mono

2. Single Stage OpAmps

Fully-Differential OpAmps

Basic CMOS topology:

N

Iias v
’ <> sznpO—{ M1 ‘ M2 }_O‘/vznn

—l ‘/tazl |—

Mﬁ [

1 : 2
( ind = Vjinp - Vthn
4

mnc —
\ 2
( outd = Voutp - Voutn
4
. Voutp + Voutn

L Voutc - 9

Design of Analog and Mixed Integrated Circuits and Systems

Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Large signal VTC: J G(DO)|
] 2
Vbp
M7 in conduction .
VoD = Vatt M7 in saturation
Voutp
Voo |
2
M2 in saturation |:
Vsat2_ """"" _'""""""_"""‘. """"""""""""""
M?2 in conduction / :
0 t
Vvind
21, V: V-
‘/sat7 _ bias ‘/sat2 ~ inc TH
nBr n

F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Fully-Differential OpAmps

Basic CMOS topology: Large signal VTC: J|G(DC)|

1 : 1 : 1 Voo

M;‘E“3 O‘ Mé M7 FJ M1 in conduction j
V. Vbp — 2Vsat1,2 oomneess L0000 111007 bbb
outn 7 outp M1 in saturation

I 1a8 4
’ <> sznpO—{ M1 Vi M2 }_O‘/vznn
tail

u [~ T,
| | =
M3 | | M4
V.  — 2PD
mc — 2
1 : 2 M2 in saturation |:
~VbD + 2Vaat1 2 -eereae IR E s & TR
M2 in conduction / :
V¥ Reduced output range
Von ;
Vine — V. !
OR=2Vpp —4Viari2  Vianz = —— ~Voo P Voo
n ind
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2. Single Stage OpAmps Differential 24/74

All operating in strong inversion

FUIIy-Differential OpAmpS saturation + neglecting CLM
» Basic CMOS topology: » Large signal VTC:
1 : 1 : 1 Voo :Vi"‘zi

il iy
M;E“s # M6 M7 FJ Ve — Vi

Vouzn +outp ‘/satl ,2 = n
I ias &
v <> sznp‘)_{ M1 Vi }_"sznn
tail

Mi; | s
AL,
Vvtazl > ‘/satél — —

1 nB4

Voutd
(@]

V Reduced output range

—Vbp i
OR =2Vpp — 4Vsat1,2 ~Vop V-Od Vo

P12

% (mnc - VTH - n‘/tail)2

Ibias —
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2. Single Stage OpAmps Differential 25 /74

All operating in strong inversion

FUIIy-Differential OpAmpS saturation + neglecting CLM
» Basic CMOS topology: » Large signal VTC:
1 : 1 : 1 Voo :Vi"‘zi

il iy
M;E“s # M6 M7 FJ Ve — Vi

Vouzn +outp ‘/satl ,2 = n
I ias &
v <> sznp‘)_{ M1 Vi }_"sznn
tail

Mi; | s
AL,
Vvtazl > ‘/satél — —

1 nB4

Voutd
(@]

V Reduced output range

—Vpp :
OR =2Vpp — 4Vsat1,2 ~Vpbp VO +Vbp
ind
w
Ibias — @ (mnc - VTH - 77/‘/ta7ll)2 (T)172 T
2n 2 Tyias L L
OR=2Vpp —4 —_— +4/2 — T
V . 2Ibias V nﬁun W 1,2 W 4 W
satl,2 — nﬂl,Q + Vsata (T>4 T

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Fully-Differential OpAmps

Basic CMOS topology: Large signal VTC:

1 : 1 : 1 Von
1
o (W

Iias v
’ <> sznpO_{ M1

A

IS

| o

S

+O

IS

+
ﬁ&

M2 }_" ‘/znn

n B =
R e B
Mﬁ [
1 : 2
V¥ Reduced output range
) . —Vbp +—
V¥V More offset contributions ~Vbp 0 Vs +Vob

ind

Pelgrom's Law

2 2 2
Threshold voltage 9 2 9mg3.,4 2 AVTHN Bup (W/L)6,7 AVTHP
. . 5 = A AR R A —
mismatching only o= (V. ff) o (AVrm1z)+ (gmgl,Q) 0" (AVrHe7) (WL)12 +5un (W/L)12 (WL)g 7 v
neg@ible (WL)1,2 T
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:

1 : 1 : 1 voutn Uoutp

:I_ : —|: Imd1Voutn
| 9Img1Vinp 9Ims1Vtail GImd2Voutp 9Ims2Vtail Img2Vinn
M5 F C{ M6 : M7
Voo, /
:’—O@’U{n E +outp 1/gmd6 Vil 1/gmd4 1/gmd7

I 1as 4
’ <> ‘/znpO—{ M1 Vi M2 }_O‘/?,nn
tail

| | ip = Img2Vinn — Gms2Vtial + Imd2Voutp Imd7Voutp = _ip
M3 | | M4

n — 9mglVinp — Gms1Vtial + Gmd1Voutn Jmd6Voutn = _Z'n

7:n + Z'p = Gmd4aVtail

Imsl — Gms2
9Imsl + Ims2 + 9mda

(gmd7 +gmd2 ) Uoutp - (gmd6 +gmd1 )Uoutn + (gde Uoutp +gmd1 Voutn ) —

mg mp mg mn ngI —I— gms2 + gmd4 mg wmnmp mg mn
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:

1 . 1 . 1 voutn Uoutp

:I_ : —|: Imd1Voutn
| 9Img1Vinp 9Ims1Vtail GImd2Voutp 9Ims2Vtail Img2Vinn
M5 F C{ M6 : M7
Voo, /
:’—O@’U{n E +outp 1/gmd6 Vil 1/gmd4 1/gmd7

I 1as 4
’ <> ‘/znpO—{ M1 Vi M2 }_O‘/znn
tail

il n
| | lp = Gmg2Vinn — Ims2Vtial + Imd2Voutp GImd7Voutp = —lp
M3 | | M4
n — 9mglVinp — Gms1Vtial + Gmd1Voutn Jmd6Voutn = _Z'n
1 2
n +ip = GmdaVtail
differential output common output
Voutd Voutc

Imsl — Gms2 (g 1o \+g v ) _
Gms1 +gm82 +gmd4 md2VYoutp mdl Youtn

(gmd7+gmd2)voutp - (gmd6 +gmd1 )Uoutn+

9ms2 — Gmsl

= 9IGmg1Vinp — 9mg2Vinn + (gmglvinp + gmg2vinn)
9ms1 + 9Ims2 + 9Imda
Uind Vine
differential input common input
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:

1 . 1 : 1 voutn Uoutp

:I_ : —|: Imd1Voutn
| 9Img1Vinp 9Ims1Vtail GImd2Voutp 9Ims2Vtail Img2Vinn
M5 F C{ M6 : M7
Voo, /
:’—O@’U{n E +OUtp 1/gmd6 Vil 1/gmd4 1/gmd7

I 1as 4
’ <> ‘/znpO—{ M1 Vi M2 }_O‘/znn
tail |—

.
| | A Perfect matching (M1=M2 and M6=M7):
M3 | | M4
Gd - Voutd _ 9mgl,2
1 : ) Vind  9md1,2 T Gmds,7 Gy
CMRR=— =00
G, = Voutd =0 Ge
differential output Vine

Voutd

gmsl//gms2

(gmd7+gmd2)Uoutp_(gmd6+gmd1)Uoutn+ (gdeUoutp+gmd1Uoutn) —
gm/ngQ +gmd4

gms2//gmsl
= 9IGmg1Vinp — 9mg2Vinn + gmglvinp + gmg2vinn)
/ m}/Kgms2 + Gmda

Uind
differential input
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:

1 . 1 : 1 voutn Uoutp

:I_ : —|: Imd1Voutn
| 9Img1Vinp 9Ims1Vtail GImd2Voutp 9Ims2Vtail Img2Vinn
M5 F 4 M6 : M7
Voo, /
:’—O@’U{n E +OUtp 1/gmd6 Vil 1/gmd4 1/gmd7

I 1as 4
’ <> ‘/znpO—{ M1 Vi M2 }_O‘/znn
tail |—

| | A Perfect matching (M1=M2 and M6=M7):
M3 | | M4
Gd - Voutd _ 9mg1,2
1 : ) Vind  9md1,2 T Gmds,7 Gy
CMRR = e o0
- . VUoutd c
\ 4 Real matCh|ng (eg VTH1¢VTH2): G. = UO' L =0
Imgl2 = 9Imgl + 9Img2 on
mg 5 CMRR — 9Img1,2 ( 9mg1,2 i 1) 4
2Agmgl,2 9mda
A gmgl gmg2 / \
Jmgt,2 = 2 Neglecting Matching 1 Tail current sink impedance
common output
(gmd1,2+gmd6,7)'voutd - gmgl,QUind+2Agmg1,27)inc_ mol.2 (2gmgl,2Uinc+Ag gl,QUind)
29mgl,2 + gmd4/n
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2. Single Stage OpAmps  Mono

Fully-Differential OpAmps

Basic CMOS topology:

1 : 1 : 1

o b4 s M}Q

I 1as 4 I
’ <> ‘/z'np 0—{ M1 V' M2 }_" ‘/7,nn
tail

M£| EZA

1 : 2

V¥ Reduced output range

V¥ Matching is critical

Design of Analog and Mixed Integrated Circuits and Systems

Differential

Summary of design guidelines:

OR*

o(Vors) 4

Ga 1
CMRR?T

GBW 7

2
Unin J/

perforr‘\ce

CMFB Folded Cascode Gain

T)
— ) Li2s67 T
( Lj,

(WL) o1

(7).t

)

2
14
().t

1

F. Serra Graells

L34?

rces

Ibias \L

Ibias T

Ibias \L

Ibias J/

Ibias T

Ibias T




2. Single Stage OpAmps

The Mono-Transistor Amplifier

Differential Topologies

Common Mode Feedback

Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Common-Mode Output Issue

Single-ended differential OpAmps: Fully-differential OpAmps:
foedback V"

° Vout

lbr—d o b

Vout

Iy; Tpias
e Vi »—{ M1 M2 ins M1 M2
M3 | | M4 M3 | | M4 ) .
| | | | High sensitivity to

technology mismatching
(M5-M6|7 and M3-M4)!

Vine = Vout =2 V; Vine = Voute =7
A Well-defined and stable V¥ Specific auxiliary control
common-mode level circuitry is needed in practice...
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Common-Mode Output Issue

Common-mode feedback (CMFB) loop:

V;’ef
T Vetr 1
b—= ¢>_< Voute?
Ibias (\D C\D Ibias outc -

o Voutp T o Voutp

0 0
Voutn Voutn

utc? sznp“—{ M1 M2 }_q‘/znn
2Ibia5
‘/ref \ /

Behaviorally
equivalent...

Ving b—{

CMFB control functionality: Multi-stage OpAmps require one
CMFB loops for each stage

Sensing common-mode output

Computing error according to reference level CMFB gain acz‘acy

- - tabilit

Applying needed common-mode correction Con_tml band\"th stapiity
design?

Not to be confused with CMRR!

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode

Continuous-Time CMFB

Resistive-based sensing:

Passive common-mode
output estimation

e
A

Ibias (‘D "L o
Voutn

< ‘/inp °—{ M1 M2 }_" an
Voutc Voutc

M3

‘/thT'l Vref

Design of Analog and Mixed Integrated Circuits and Systems

R R
S VA L .
Rl + R2 Rl + R2
Vout _|’ Voutn
Voutc |R15R2 = -
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode

Continuous-Time CMFB

Resistive-based sensing:

Passive common-mode
output estimation

e

A

Ibias (\D R1 .
Voutn
‘/inp °—{ M1 M2 }_" an R R
A4 2 1
Vou c Vou c = _Vou _Vou n
‘ "7 Ry + Ry tp+R1+R2 ‘
M3 }—<
Vetrt Vref Voutp + Voutn
VvoutclngR2 = 9
A OpAmp original OR is preserved
Ris 1

V¥ Resistive extra loading... ...or limited

CMFB bandwidth
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode

Continuous-Time CMFB

Resistive-based sensing:

b= e 1,

|
Tyias © L‘ | VIMS

| ’ Loutn
g o—{ }_Q .
! inp M1 M2 Vinn I, R1

R2
M3 Viens Tous
Vctrl - eref

o Voutp

A Resistive loading is avoided \

Viwte = nVios + V. 2 qus
¥ OR severe reduction oute = MVref + VTH + Br.s
V¥ Power consumption overhead /

¥ Common-mode output level is technology dependent!
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Continuous-Time CMFB

Resistive-based sensing:

b= e 1,

| ovoutp
Master-slave
Tyias O L‘ | ’jMS , automatic tuning
| Voutn
< ‘/1,np°—{ M1 M?2 }_Omnn [aux R1
R2
M3 | 7 Vsens Toue
ctrl - M9 }_O‘/ref
- - - - - Iaux
A Resistive loading is avoided
V¥ OR severe reduction
Voutc = Vyef

V¥ Power consumption overhead

Design of Analog and Mixed Integrated Circuits and Systems

F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Cascode Gain

Continuous-Time CMFB

Resistive-based sensing:
Low-pass CMFB

/ filtering
T a
M5 EI:/I6

R1 R2 L Voup

Voutn

1 1aSs
’ Vvinp 0—{ [le M2’:] }_‘7 ‘/1,7’”1, \

2 Iias
Voutc - VDD —Vry — nﬁ °
M3 I I M4 /5,6
1 2
¥ Common-mode output
A Compact circuit solution defined by technology
A No power consumption overhead V¥ Strong OR reduction

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Continuous-Time CMFB

MQOS-based sensing: Supposing M5, M6 and M7
working in deep conduction:
Vetr
Ity = 55 (Voutp —Vry +n 2t l) Vetri+
Vetr
OVOUtp BG (Voutn - VTH +n 2t l) ‘/ctrl
OVoutn
By CMFB symmetry (M5=M6):
al.sr
Ictrl - f(Voutp + Voutn) dV d ld =0
A ~~ - out
o Voute

By bias symmetry (M5/6=M7 and M3=M4):

‘/CtT‘l = ‘/bias Ictrl = 2Ibias Voutc = V;“ef

Master-slave
tuning

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Continuous-Time CMFB

MOS-based sensing: Supposing M5, M6 and M7
working in deep conduction:

VC T
M;Iil F Ity = 55 (Voutp —Vrug+n 2t l) Vetri+
Vetr
OVOUtp /86 (Voutn - VTH +n 2t l) ‘/ctrl
Ibias (\D Voutn
By CMFB symmetry (M5=M6):
dl
M4 | _ ctrl —
«1 | Ictrl f(Youtp i Vout@) dVoutd 0
%ias o Voute
Vref °—{ El\:? By bias symmetry (M5/6=M7 and M3=M4):
/ ‘/CtT‘l = ‘/bias Ictrl = 2Ibias Voutc = V;“ef
Master-slave
tunin .. . . : .. .
¢ A Resistive loading is avoided A Negligible OR reduction
A No power consumption overhead A Technology compensation

¥ Gain non-linearity
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Discrete-Time CMFB

Switched-capacitor (SC) implementation:

e.g. fully-differential integrator stage

clock l__|
I
é2i] ] CoP

|

l

$1 CIP o2
—|—o—o/ o __|_ ° _|_
Lo g\
ref o : :
$»1 CIN oo
[
|
C2N
H closed N
Gp = Dinit
L open
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Discrete-Time CMFB

Switched-capacitor (SC) implementation:

e.g. fully-differential integrator stage

clock [ Ma F ; qm C{ [f'[/'?

. o o Voutp
o1 I_h% ¢ﬁzt
1 i " Voutn
il [ CoP Thias @ t
] Vip—{| M1 M2 | =V3,,
®1 CIP @2 b1 b1 /o¢2 (/520\(/51
+ o —— —F > + Vetri
o T EE e sl
Ve o3 g CFP| CFN
¢1 CIN o
1 Capacitive CMFB sensing
C2N
H closed o
by = ¢°\ A Reduced power overheads
T init
L open

V Low loop-gain
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2. Single Stage OpAmps Folded

The Mono-Transistor Amplifier

Differential Topologies

Common Mode Feedback

Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Output Range Issue

Basic fully-differential topology (not showing CMFB): Voutd = Voutp — Voutn

M;
I )
bias @) ‘Zlnp o_{ Ml
|_

1 : 1 : 1 Vbp
2
Youtp Voutp
M3 I I M4 Voura
—Vbp + 2Vsat1 2

Voutn
:I_ —|: Vbp — 2Vsat1 2 N PN
M5 F # M6
0
M2 }_Omnn
1 : 2 —Vbbp

Time

¥ OR improvement requires

very large aspect ratios! ,
e B BT )
¥ Not compatible with other un 1,2 4

optimization rules (e.g. CMRR)
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Folded Topologies

Fully-differential folded OpAmp (not showing CMFB):

Ibias

|

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Folded Topologies

Fully-differential folded OpAmp (not showing CMFB):

Still a single low-impedance
stage Opamp! nodes

V Static power consumption (x2)

¥V Device silicon area (x2)
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Folded Topologies

Fully-differential folded OpAmp (not showing CMFB):

Still a single low-impedance
stage Opamp! nodes ‘/;atlo < Voutp < VDD - V:satﬁ

2Ibias 2Ibias
Vsat1i0 = \/ B0 Vsate = \/ e

Voutn
Tvias ] Voutd = Voutp — Voutn
|
M7 2 pias
| OR =2Vpp — 4 ' — —
nman (ﬁun (T)s,w s Bup (T)4,6>
1
V Static power consumption (x2) A Full-scale OR optimization

¥V Device silicon area (x2)
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Folded Topologies

Fully-differential folded OpAmp (not showing CMFB):
L L
o J(W)J (%),
_ Bs 2
HZ{ [f[/m Ipias = o (IVams sl — |Vrupl)

Vbop > |Vass,s| + Vsati,2

\ 21pias
1 Bun

Voo 2nlbias [ L
, __‘/gutp Vop > |[Vrap| + \/ ﬁbms (W) +
bias M2 }_O‘/anp up 3,5
| | +\/L (L) + % (L)
M7 || |Ei/|10 nBun W )i, W),
1 1 Vb Dmin = 1 threshold + 3 saturation voltages
V Static power consumption (x2) A Full-scale OR optimization
V¥ Device silicon area (x2) V¥ High supply voltage needed...
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Folded Topologies

Fully-differential dual folded OpAmp (not showing CMFB):

1 : 1 : 2 : 2 :
Mllli“? (J”:I’Mg C]”EI’M3 é #EM4 # M10

Voutn

Tpias O M6 }7

V Static power consumption (x3)

¥V Device silicon area (x3)
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Folded Topologies

Fully-differential dual folded OpAmp (not showing CMFB):

1 1 Still a single stage Opamp!

: 1 : 2 : 2 :
Mllli] F # JMQ 4 ENB i # JM4 # M10

I
low-impedance

Voutn Vo'u,tp Suposing: VGB5,7 > ‘/sat1,2
I'ias 4 ;
vias O M6 }7 i M:; F-—{ M8 Vbop > Vaps,7 + Vsats a
|
]
2nl, ias L 21 Qs L
Vop 2 Vran + ° (—) + b (—)
1 ; 2 Bun W /)52 nBup \W 3,4

VoDmin =~ 1 threshold + 2 saturation voltages

V Static power consumption (x3) A Same OR optimization

V¥ Device silicon area (x3) A Compatible with low supply voltage
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode Gain

Folded Topologies

Single-ended folded
OpAmp counterparts:
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode

Folded Topologies S EF | Jz & o
M9 |[TM3 | [ M4
MlﬁF 9 B ; o | o
Single-ended fOIded Voutn | i | Voutp

OpAmp counterparts:

Ibias (\D
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2. Single Stage OpAmps Cascode

The Mono-Transistor Amplifier

Differential Topologies

Common Mode Feedback

Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode

Principle Basis

CMOS OpAmp general linear model:

Vin o n l o Vout
ginvin Tout T Cload

|G(DC)| = GinTout

/ N\

input output
transconductance resistance

v —1 71— v

Qin X Img Tout X L
9ms 9Imd

Enhancement by increasing
MOSFET output impedance?

Design of Analog and Mixed Integrated Circuits and Systems

F. Serra Graells
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Principle Basis

CMOS OpAmp general linear model: '
|G2(DC) X

N’*’w
G\ (DC)| =~
N\‘N.
Vin © n l o Vout '%‘ \[\ ‘ZOd Ea /dGEC
9inVin Tout Cload o \\h.\
_ T - ~
S0 Sw
<]7 E;D S
]
|G(DC)| = GinTout
/ \ BW, BW,; Frequency GBW
input output
transconductance resistance 1 gi
v —>1 i — v BW = ——04 GBW = —
27"'Toutcload 27"-Cload
1
9mg
Gin { Gms ou Grmd

A Gain improvement:

Accurate feedback functions

Enhancement by in.creasing Lower equivalent input noise
MOSFET output impedance?

V¥ No speed enhancement (GBW)
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Principle of Operation

Output impedance multiplier: Introducing cascoding in OpAmps:
Iout
Vout Ib'
Riew _ DC voltage s
4 @(@ Rout = Raev biasing level Vout
\Vb' M2 cascode
v . device
Laev Lout v M1 transconductor
R +Vous o device
dev @(@ 17
cascode R . =KR
dewce device out = dev

Ibias

AIout
AVfout

Aplicable to most analog basic Vbias o——
building blocks (e.g. current mirror, ] AVcas
voltage differential pair) Vin—| M1

17 voltage

attenuation
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Basic Cascode OpAmp

Low-frequency small-signal analysis: CMOS OpAmp model:

Lout

° Vout
Ibias é%gm Vin % Tout
Vout / €7

Viias — M2 Vout =0
| Veas
Vin Ml 9Ims2Vcas
l iout

1/gmd1

1/gmd1 9Img1Vin

'Uca<1%
Lout ﬁlggmgl Vin, %
° Vout
<# 9Ims2VUcas #gmd2vout )
Vea % %L> % Lout

s
ﬁlggmglvzn 1/gmd1 % 1/gm32

Tout = Imd2Vout — 9ms2Vcas . Tout 9ms2
Gin = = Gmg1
Vin Ims2 t+ Gmdl

9Imd1VUcas = tout — YmglUin
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Differential CMFB Folded Cascode Gain

2. Single Stage OpAmps  Mono

Basic Cascode OpAmp

Low-frequency small-signal analysis: CMOS OpAmp model:

Ibias

Lout

gl%gmvm

° Vout
% Tout

Vout / % \
Viioe o— .
bias M2 Vout = 0 Vin = 0 i
:I chas 2 o Vout
Vin M 1 <1% Ims2VUcas <1% Ims2VUcas # Imd2Vout
l ,UCG/ iOUt ,UCG/S
lout Gmg1Vin 1/ gma1 1/gmar
° Vout
<# Ims2Vcas #gmd2vout )
1
Veas out
. Z'out
Ymg1Vin 1/gmd1 9mg1Vin 1/gmd1 ]-/gms2 Lout = Imd2Vout — Gms2
Imdl
Lout = Imd2Vout — Gms2VUcas . Tout Jms2 . Vout 1 1 Gms2
gin = = gmg1 Tout = = = +
Vin Ims2 T Imdi lout  9md2  Ymdl 9md2

9md1Vcas =

Design of Analog and Mixed Integrated Circuits and Systems
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Basic Cascode OpAmp

Low-frequency small-signal analysis: CMOS OpAmp model:
iout
° Vout
Ibias gl%gmvm % Tout
Vout %7
‘/bias°— M2 /voltage
i |
:I VYcas gain factor! o 9ms2 ~ similar
Vin —| M1 Jin = Imat A gmar 9" transconductance
Z.out .
° Vout series voltage
9ms2Vcas 9md2Vout
\ —
Veas 1 L gms2 higher
Tout = output impedance
9Img1Vin 1/gmar 9md2  9mdl Gmd2 P P
. / \
output impedance output impedance
of cascode device of transconductor device
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2. Single Stage OpAmps Cascode

Regulated Cascode OpAmp

Ibias
Vout /\/
y

‘/bias
—

| chas T~—

Vino——1 M1 even larger
37 attenuation factors!
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2. Single Stage OpAmps  Mono

Regulated Cascode OpAmp

Low-frequency small-signal analysis:

Ibias
Greg out
%iasﬂl——&

_1

| cas ’\/

Vino——1 M1 even larger
l attenuation factors!

Lout

o Vout
9mg2 (—Greg)vcas <J% # 9Ims2Ucas <\J%gmdzvout
Vcas
%\%gmglvin % 1/Gma1

~

Differential CMFB Folded Cascode Gain

CMOS OpAmp model: © Vout

GinVin Tout

9Ims2 + 9Img?2 Greg

gin = gmgl X gmgl
" "9 Ims2 T gmg2Greg + Gmd1 J
1 1 + G 1
I + 9ms2 gmg2 reg ~ ngZ Greg
Imd2 9mdl Imd2 9mdl Gmd2

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



Mono

2. Single Stage OpAmps

Regulated Cascode OpAmp

Low-frequency small-signal analysis:

Ibias
Greg out
‘/biasi”——&

_1

| cas ’\/

Vino——1 M1 even larger
l attenuation factors!

Lout

o Vout
9mg2 (—Greg)vcas <J% # 9Ims2Ucas <\J%gmdzvout
Vcas
%\%gmglvin % 1/Gma1

~

G(DC)| =~

Design of Analog and Mixed Integrated Circuits and Systems

Differential

CMFB Folded Cascode Gain

CMOS OpAmp model: © Vout

GinVin Tout

9Ims2 + 9Img?2 Greg

gin = mgl X gmgl
" "9 Ims2 T gmg2Greg + Gmd1 J
1 1 + G 1
I + 9ms2 gmg2 reg ~ gm92 Greg
Imd2 9mdl Imd2 Imdl Gmd2

Minimalist implementation:

Ibiasl

Vout

9Imgl 9mg2 9mg3
9mdl 9md2 9md3

F. Serra Graells



2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

All operating in strong inversion
saturation + neglecting CLM

Output Range Optimization

Basic cascode DC biasing: Regulated cascode DC biasing:
Ibias Ibias (\D Ibias Ibias (\D
Vout 1 Vout
M4 I Vbias M2 supposing M2=M4: __{ [:M4 [: M2
% 2nI ias
v :I\VTH + —bW > Viat1
M3 }‘ (X — M1 ﬁun (T)?; %ias T~ satl
J; 17 ~{ M3 Vin o—{ M1
alternative low-voltage approach: operating in strong -

inversion conduction

n
Ibias - 53 (VGB3,4 - VTH + 5‘/bias> ‘/bias

Ibias Ibias
Vout
Vi Tyias = b (Vopsa — Ve — nViias)’
| bias 2n
M3 | M2
:I\ ‘/bias = Vsatl -
v ~ Vsatl
in ¢ M1 2 L W/Lh 1
17 (W/L)4 2(W/L)s (W/L)s 2(W/L)y
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Practical Cascode OpAmps

Fully differential + folded + cascode topology example:

cascoding not
needed here...

optimized i ]_M4
DC biasing M3 }3 10 C{ M5

low-impedance
nodes
M7 - M8

o pr—af 4

° Voutp
Ibias 4 Ibias (\D ‘/znnO_{ M1 M2 }—O‘/vznp
Voutn
2Ibias \\\‘ dual

_____ cascoding
""" required!

M10 M11 M12 M13

M1 || MI5 M16
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2. Single Stage OpAmps

The Mono-Transistor Amplifier

Differential Topologies

Common Mode Feedback

Folded Amplifiers

Cascode Topologies

| Gain Enhancement Techniques
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2. Single Stage OpAmps Mono Differential CMFB Folded Cascode

Principle Basis

CMOS OpAmp general linear model:

Vin o n l o Vout
ginvin Tout T Cload

|G(DC)| = GinTout

/ N\

input output
transconductance resistance

v —1 71— v

. { gmg r oxX L
gin X out

Ims 9md

Enhancement by increasing
MOSFET input transconductance?

Design of Analog and Mixed Integrated Circuits and Systems

F. Serra Graells
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Principle Basis

CMOS OpAmp general linear model:

R
S
8
|
J
/

NN
|G1(DC)] <
Vi ’ o V), " \N\‘“ \\
in © T l out % b ] \\\ i
inVin ou c B f s .\
g Fout T toad _ 20dB /dec TN
_ S0 b
N E: T
<
|G(DC)| = ginTout
/ \ BW  Frequency GBW; GBW,
input output
transconductance resistance 1 gi
v —1 i—v BW=——— GBW =—=
1
9myg
Gin { Gms ou Grmd

A Gain improvement:

Accurate feedback functions

Enhancement by increasing
MOSFET input transconductance?

Lower equivalent input noise

A Speed enhancement (GBW)
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2. Single Stage OpAmps

Partial Positive Feedback

» Basic differential transconductor:

Ioutn Ioutp

2Ibias

Ioutd = Ioutp - Ioutn

2Ibias e

Gin
—Vbp

VDD ‘/ind = Vvinp - ‘/znn

""""""" B _ZIbias
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Partial Positive Feedback

Basic differential transconductor: Introducing local positive feedback:

Folded structure

Iout Tout i
outn p Cross-coupled pair

Vinn D_{ M1 M2 }_vap Partial feedback design by sizing ratio

2Ibias

cross-coupled

_ devices
keeping same

Ioutd large signal /\

/ range 1 : 1:1/N 1/N @ 1 : 1
T 3

[outn Iout
—Vbbp / D p
| :
; i

2Ibia5 7

Vbb Vind low-impedance ‘/;,nn“_{ M1 M2 }—"‘/'mp

nodes

21piqs  still a single

""""" "~ 2lbias stage transconductor...
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Partial Positive Feedback

Small signal transconductance:

1 ; : 1/N l 1/N 1 : 1
" F%@Jﬂ o
Ioutn outn i Iout Ioutp
Vep|

v v
1/9 d7 Img7Vzp 1/g ds
Img3 + 9mds3 " Img8Uan R " 9mg5 + 9mds
loutn Zout
Vind Vind
%’> gmgl% 1/gmd1 % § 1/gmd2 _gm_qZ = <‘l%
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2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Partial Positive Feedback

Small signal transconductance: Half-circuit analysis:
| Perfect symmetry (no mismatching)
1 : 1N+ 1/N 1 : 1 _
! Infinite tail sink resistance
M4 )[H@( Ifl‘l\;B M}E] | Iil\r/|8 M5 FHJ( M6 Purely differential input
Ioutn i T Ioutp
outn xn ! pr outp %
i i
Vvinn 0—{ M1 i M2 }—Q‘/:mp "o’ ®
'Loutn
QIbias # Imgl—F7— Uznd 1 %
N4
% % Loutn
1/gmd7 Img7Vap 1/gmdS .
Img3 + Jmd3 Img8Uzn 1\ Ymgs + Gmds gmglvz_nd 1/gmg3 _1/gmg7
Zoutn Zout
. - <~
Vin Vin
# gmngd 1/gmd1 % § 1/gmd2 _ngZ d<‘l% . ioutd
_____ D S Ginp = Vs
< 0 < ind
toutn = —loutp common-mode = virtual ground Van = —Vzp boutd = Toutp — loutn = |2ioutn|

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Partial Positive Feedback

Small signal transconductance: Half-circuit analysis:
| Perfect symmetry (no mismatching)
1 : 1N+ 1/N 1 : 1 _
! Infinite tail sink resistance
M4 )[H@( El\;B M}E] | 548 M5 FHJ( M6 Purely differential input
Ioutn i T Ioutp
outn xn ! pr outp %
E + 1 gmg7 Uam)
Vinn °—{ M1 i M2 }—“V:mp mgs T 3
outn
2Ibias %l’> Imgl—F7— vlnd 1 %
~
ioutn
; _ Vind 9mg3 Vind
outn 9mgl 2 Img3 — GmgT ( gmgl% 1/gmg3 —1/gmg7
gmgl,2 N > 1 {7
Jinp = Gmg1,2 9mg3,5 T < OO N=1 ‘ N ioutd
9mg3,5 — 9mg7,8 Ginp = Vs
ind
| 0 N <1

Zoutd Zoutp Loutn = |2Zoutn|

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



2. Single Stage OpAmps Mono Differential  CMFB Folded Cascode Gain

Practical Gain Enhanced OpAmp

Single-ended + folded + cross-coupled example:

T 3 A Lorger gain and GBW

A Compatible with
foldi d di
‘/;nn°—{ M1 M2 }—Q‘/:an T ° Vout © lng and casco lng

2Ibias

o] s

Local positive feedback vs global negative feedback:

Vin
Vout V¥V Prone to instability

V It can generate hysteresis
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