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13.1 The foundations of Full-
difterential OPA



Function of a full-differential OPA

Function
Vin+ —t V
Vin~ _> o Vo = A Viy = V)

A, = Differential Gain

Symbol of Single-end OPA

4 _
Vi =V =)
Vi —+™> Vout” 2A
— d —
Viee—- =" V_,.* | Vo = —7(Vm+ Vi)
— + -
\ I/out o Vout o I/out
Symbol of Full-differential A, = Differential Gain



Advantages of full-differential OPA

e Feature of full-differential OPAs

— Cancellation of common-mode noise

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

— Cancellation of even-order distortions of MOSFET

Differential output — Differential input

\/voutjL /\
Circuit A \/ Circuit B
A
Vou' \/

J7 out v J7



Cancellation of common-mode noise

Digital signal Errors

VSig Vsig T Vdrift
\ SAce CMOS switch Avk Av
\ \ N Vdrlft \@se
Switching noise Cross-talk noise
N RN o Subtracter N\
"™ Drif
_Vsig _Vsig T Vdrift it _Vs1g Vdrlft Vhoise s1g
Differential Differential Error-free
signal 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
NBD . . Voo /2 | : ' /2
Iss i Iss
I | S 1o, | ——iC |
— Vbiasp ~—
[ =1 -1 I ' Lout”
out D1 ~ 1p2 out ; ou
i 4' Vin 4' : |7V1n
Vin lIDl I, l Vin lIDl : Ip, l
............. | P I N P
—————— | e g [ e
Vblasn | lISS ’ 1 |: 1 A

s IS\ i S M biasn______
SS ¢ . 5 *
SS | .
. Mirror symmetry

Current subtraction [ /2 = (I, +I,,,)/2

common mode rejection out. = Lss/2 - Ipy = (p; - 1p,)/2
Low = Iss/2 - Iy = (Ipy - Ip;)/2

out
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13.2 2-stage CS OPA



2-stage CS full-differential OPA

Vbiasl

=L

| M2L M2R | 20072
30/2

[y e

var

Vout- . ~ Vout+
oO—o CCL o - H: MIL 1\6/£21R :H—o +CCR .—o—_l
CLL Vin Vin CLR
> /2| | | 15y/2 >
SS SS
MsR | —H—r—1E L M3R
Vss | M3L | Vbias2 | M3R 6/2 |
op = tss CMRR O
Cec PSRR A
Go = 8t Tyt 1 1452) * & ma T 11 T5) Gain A
1 Bandwidth, SR X
“n T s Tyt 11 7402) - gy 1 145 ) - C Power A
w,, = gé"“
L

NOTE: GBP increases with increasing g_,, but power
@ =Sm consumption is increased with the g, (g, ¢ [5%°).



13.3 Cascode OPA



Characteristic of cascode OPA

Vb Vhias1 CG amplifier
M2L M2R 7
30/2 SR =55
Vbiasz L
M5L MS5R Go = & (&ua *Tasa  Tas)) (&5 Vs Vi)
Vout_ 2blid L Vout+ 1
g [ 7 O = // C
i | | e (&na Vasa Va1 & s Vags Tan) - €,
Ci== wm4L |——] M4R (o
Vbias3 10/2 o, =S
A\ vd v CL
Vm*[)_| MI1L MIR |_0Vin‘ The voltage gain of M1 is about unity and the
10/2 Miller effect is negligible, thus, ® , = o,
1 ! (The Phase margin depends on the C, .)
M3L_|For—L M3R CMRR O
VSS | bias4 10/2 PSRR O
Gain O
The bias current of M1 and M2 is Bandwidth, SR~ O (depends on C,)
reused for the M4 and M5. Power O 10



Cascode bias circuit

See Chapter 4, Wide Swing cascode current mirror.

VDD
W /L l Iref l Iref
e e Vil
W,/L,
Wp/4LP :”: jls GIE :IIE‘ VBlas2
Vie
Voltage = L Wu/4L, || I]I VBias3
Reference W. /L,
l Iref l Iref :I I_,_ VBlas4
W./L,
VSS
Vi +Agy Definition of the bias voltage
VDD —=
v V )
Foov Viiaz 0!
+ A V )
“~L\OV pias3 Vbias4
VSS
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13.4 Folded cascode OPA

NOTE: The folded cascode OPA consumes larger bias current,
but 1t has some advantages, such as wide input range, good
stability, high gain, which these features are suitable for IP.
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Calculation method of the
common-mode range (remind)

Ips
v
D

Vit AOV(IDS)< 1 G

/VTn + Aov(Ips)

S

Vs = Vs

Min. = AOV(IDS)<
s

Ips
}
D

\Min. =-V

—G

S

Vin + Aov(Ips)

VDS % VGS
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Common-mode 1nput range of n-ch
input differential amplifier

vDD —4—m——e—
ML |p—1+—4q[ M2R
Vhbiasl
oO——¢ ¢————-O0
o—] QAL MIR |—o
OVl
VTn+AOV1\ ®
Vbias4
L { l } M3R
AOV3

VSS

A01/2 o VTn <0

Common-mode input range

VTn + AOVl

or3
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Common-mode 1nput range of p-
ch input differential amplifier

VDD ® —— T
AP
M3L |pb——q[ M3R
Viast Ve, [+A0p)
o—cl 1\% MIR F—O
\ oVl
_|VTp|
o—¢ \VA ————oO Common-mode input range
L l [ M2R
AOV2
VSS o &—— TTTTTTTTTTTTTTTIT !
IR Apyr—| Vi, <0
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Common-mode 1nput range of n-ch

Inpu

VDD

t differential amplifier

N

Sov: ML
Aoy k@

o—

Aova
a
_VTn

oL

VTn + AOVI

Aovs o

VSS

Ng

-AOVZ + AOVS + A0V4 _ VTn
M2R A

MSR

Common-mode input range

M4R

VTn + AOVl

High gain, small input range, and small output swing
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Folding technique of the current
source 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.

M3

T

C

VDD

M4

M1 M2
Vin+°_| I: :l |_° Vin’

Vbiasl_“: M5 Vbias2 IE

M6 !

C

M7
VSS

T

T

Separate the transconductor
and current source load.

—VDD

M3
Folding

=

—CIH M4

r M2
:l I_o Vil’l_\/bias4 4 E

4EBL.

M3

Vbiasl_l

——0 Vout

|
Vbias3 I

|
M3 Vbias2 I

/. .
e

cas

code

/A
/
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Common-mode 1nput range of
the folded cascode amplifier

’ — VDD
M3 Jp——d4[ M4
M1 | Lovil v [
+ .-
o H'\—'[> Vv #EMS GI[M9
* | GE— —o V
VTn+AOV1 I | out
Vbia3 |LM10 ||:M11
VoI M Bovs A
. . VSS

éom B VTn <0

common-
mode input
range

VTn + AOVI

AOVS
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Full-Differential Folded Cascode
OPA (or OTA)

Vop | M6Lb ! Viias] ! M g(I)/{Zb T 302 trans-
M6La }: = p— cll Eoldin :{ M6Ra impedance
= o | Vi ¢ /Q\J 3012 amp.
\\ 1as /
M4l b 1 4 3/141{
| 102
Vout + - Vo t
o ¢ Vi, o—| MIL MIR oV, ¢ o
| | 10/2 / |
Co/= wmsL_|| ' L MsR —Co
Vbias3
v [ ® v
| | | 102 10/2
M2L || I | M2R
M3L Vbias4 1\{3R
VSS @ @ @ 4

Mail

Current source load

(Same as a circuit shown 1n previous slide)
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13.5 Rail-to-Rail OPA
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Common mode voltage range of OPA
VDD - -

Input rahge

VvsSsS b0—m/4/m Voo \/
Dual-supply OPA  Single-supply OPA  Rail-to-Rail OPA

Y

These OPAs operate under the condition
that VSS = GND. This feature 1s useful
for many sensor applications. 21



Rail-to-Rail input stage

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

[

VDD
v A —V. <0 I\
o3 Tn AOVS

common-mode

input range | VTp [ +Aop
common-mode
v A N )
+ Input range
common-mode
Viw + Ao '
Input range
A v v
VSS ov's Aoys= |V, <0

n-ch input p-ch input CMOS mput
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Rail-to-Rail OPA

v
bDb M6Lbn [M6Lbp| Vi  |M6Rbp| M6Rbn
M6La b b—4— 0 d 202 d[ MéRa
— 1 30/2
? Vbias2 t
M4L l [ m4r
Vou ] 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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Transconductance uniformity of
Rail-to-rail differential amplifier

The transconductance of rail-to-rail differential amplifier
1s not uniform for the input voltage. The nonuniformity
raise the nonlinear characteristics. It B,, = 3,

gm = gmn +gmp

— \/2181n1DS1n +\/2ﬂ1p1DS1p =

A

g Zmp " Smn
/]

[ v

VSS VDD
VSS+ V5, VDD-|Vq

»
|

=)

\ 213111 '(\/ IDSln + v IDSlp)

Sm o
I E Ile? IDla
) i Y _X4
/ Emn I
[ L,
VSS VDD

VSS +Vy, VDD-|Vy



Bias-current control circuit

. 1 — VDD
ISSp é} (i) [SSn (i) ISSp

VinJr | Vin-

L T
MILp' MIRp' n _

Vin | | )y Vin

- | | —]
OFF MILp MI1Ln MI1Rn MIRp
Current T
differential 1SS
amplifier
Y 3ISSn Y ISSn
1ssn | 5 | N MILp', MIRp' — ON
1:3 [‘ VSS ISS = 3(ISSn - ISSp) + ISSn = ISSn

MILp', M1Rp' — OFF
[SSn = ISSp = const. ISS = 3(ISSn) + ISSn = 4ISSn

25



Current differential amplifier
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Rail-to-rail differential amplifier

with constant g _

p-ch current
monitor Current differential amp.
' T ' ' ' +—VDD
issp) Jb—1 e :]IM—{I L
VBiasl !
<«— 3(ISSp—1ISSn) | |
1Ssn| b ViSSp J1Ssn
° lout"
© louf
Vin' Vin~ Vin' Vin~ Vin' Vin~
—q[_ Jp— ——— —[ e
MI1SLp MSIRp MiLp | MILn MIRn | MIRp M1SLn MSI1Rn
ISSpy, ISSn,
3(ISSn — ISSp) «— I J1ssp
q VBias4
I]Fh_[i '—T?_{[: ISSn}, l]} i lISSH:II-*—I[1 l]l-**—l[l
: : : . : — +— VSS

Current differential amp.

Rail-to-rail
differential

amp.

n-ch current
monitor

Current summing

circuit
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13.6 High gain OPA
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Gain enhancement by voltage
regulation .

1out 1
\Y out
Vin «— | Sm¥es | o
D Vout O 4— Vout
° S

Vin 1s regulated with NFB.

{ Vgs = AGE Vln _Vm
< Vin = RSiout
lout = gmvgs + lr
\ Vaut — rdsir + RSlout
\%

out 29



Folded Cascode OPA with gain
enhancement (GE) amplifiers

GE amplifiers

FHC T

Without GE: A =A, With GE: A;=A,"(Apt]) e

\V . . . . Vil
DD M6Lb M6R’b_I
M6Ra

M6La ]F p ] %’_T_‘{ — 9
Vaep
ANR
M4R
\Y% t+

Vbiasl
MILn  MIRn_|—o Vi, o
|:I‘ MS5R

Source follower input (Level shifter)
30



Design example of GE-FC-OPA

 Differential Pair_ Class A Buf. Folded Cascode Load Class A But
\% —1 ) - :
DD, [ 'MoLb Méjz'b_[ Mbia |_|L MoRa |
b T T 4L ¥ |
vblasl i E E E
vl )
. “od[ MILn MiIRn ! |
| L M7R§
i |
| © Viur'
i e Vours
lest M3Rp “l M2R MBSR |
Vgs ™ h T o :
oo ““—“__“:":::::::::___'_____________T:__VD'D _________________
Cp Cp
Hva vl A
NOTE: Th.e phage . v Re | I—.—V
compensation circuit is left out. ' M
The CMFB will be covered in
next section. ’:H Ia
CMFB :

31



13.7 Common mode feedback

32



Common Mode Feedback (CMFB)

* Common-mode voltage V-

— The common potential of the input and output nodes 1n the full-
differential OPAs cannot be defined in the circuit. Therefore, the
full-differential OPAs have to be controlled with the common-mode
voltage V.

— The common-mode voltage is applied to the common-mode input.
« Iy orl 4 should be controlled by the common-mode voltage,
because,
— ligaa £ T loaa k> Iss = Vou' = Vou = VDD
- Iload_L * Iload_R <Igg—= Vo = Ve =VSS
1 VDD

Common-mode input range

Voltage
<
o
<
§
|
|

VSS
Time 33




Operation of CMFB

CMEB keeps the bias condition: I, + Iy = L.

Vout-
A
Ve @ R [ }

i VCMFB + —
< i (Vout + I/out)
Iggor I 418 2

controlled by V -

Wide input range — L+ CMFB Amp.

differential amplifier CMFB circuit

34



Loop gain of CMFB amplifier

+ -
Gm(Vin = Vin ) + gmACMFBVc

—
Vin- _5'\ ? _ . .
+ > yan > Vout VoutjL = 1out/,](l)CL
Vin 2
/ «—
N (
/ N ‘ CL CL
/) - —
/T Iss 1T\ vV
( |——| ) (I/out + V ut)
lout = EmVCMFB v The NFB control range is empirically
+ ‘ 25~50% of the usual bias current.
Vemes = AcMrBVe — Ve
Acwmrs
Unity gain frequency of CMFB loop gain
A
Set the higher Acyjpp in the range of  «— @ yp = — Smeurs
Oy difftamp. ~ Ducmrps that 18, Acypg < 1. CL

35



CMPFB circuit for continuous-time
OPA (1)

Vout_ \/outJr . VDD .
m m J—F—I—Q( T Vemrs
Rsum Rsum |
I | Vem

R, 1 averaging resistance. | |
The output buffer is required for the OPA. Viiasa
C, 1s 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

36



CMEFB circuit for continuous-time
OPA (2)

Dual differential pair CMFB

R . L J VDD
M3 )D_I_Q‘ M4 VCélFB Ul_)o_l Ii{

Vout_ vV t+
" o Vou -
Vin O_l Ml M2 |_°V1n
Vout_o—l 0 Vot
3 l 1
Vem
M5 Iss Ton Teas
The load current is controlled CMFB VSS

by the common-mode output

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



Symmetrical implementation of
continuous-time CMFB

VDD
—4[_30/2 F—l 1—4 30/2 _|p—

1 1 o VcMEB
Voure—[_100/2 _]| ! [ 100/2_J}— Vour?
Viass —1 | | |

10/2 10/2
L @ L L 2 VSS
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Dynamic CMFB for discrete-time
OPA (1)

Reset Mode ¢1 by -
Vout  Vout  Qyitched capacitor CMFB circuit
I:I VDD
F—T—c| M4
W VBias |:l| -~ 2 (—‘
:}—0 Veum
Vin+°_| |: M1 M2 :I |—° Vin~ C 9
? R CR? Iref
! Vem = Veet| 1| Vem - VY,

| "~ |

M5 s |
VSS

q=Cr(Vey _Vref)

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

39



Dynamic CMFB for discrete-time

Amplification Mode ¢2

OPA (2)

Vin+°_| I: Ml

Vou' Vour Switched capacitor CMFB circuit
. . VDD
MJ]F—T—‘JI[IM“ - P
Bias -
:3—0 Vewm
T NG
M2 :I |—° Vin Q| 9
? CR CR? Iref
Vout_ B VCMF_qu “h \]outJr - VC
| VCMFB i~ |
M5 s |
VSS

If the common-mode
output = Ve lgg =L °

— CR (VOZt — VCMFB) + CR (Vo;t - VCMFB)

{ q,+q, =2C,(Vey _Vref)

V: +V_

_ out out
VCMFB _ VCM + V

2 ref 40



Cancellation of the parasitic
capacitances 1n the CMOS switch

+ -
Vou‘[ Vout

VDD

= i s
*o[ Ml M2 Jbovie i | ]
:CA__ _ C:A CR CR I
i ijl_)_qﬂq q—-q;-Aq '
| Veumrs | | N o |
M35 Iss CA — 4 ~ ]OxCR 2Aq 2Aq Vss

Cancel of the ch'arge
injection error of
CMOS switch 41



Symmetrical implementation of
discrete-time CMFB

VvoutjL Vout_
1 o2 ¢2 1
VCM — °o e ¢ — o T~ VCM
Cr = CA:: - CA - Cr
Vet — .« — _— Vet
0] $2 $2 ol
VCMFB

Symmetric schematic (intended for layout design)
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13.8 Output buffer for OPA



Class AB output buffe

Voo Lou Voo
—dL
_(1 Io . VG T _out

Vg quiescent|current / Vg

Class AB
Inverter N | NG 3 quiesgent current
v T 4 T v > Vin
> VTn |VTp| bb
Inve_rter Class AB amplifier

A/ VG >|VTp|a VTn

NOTE: Class A amplifier (current source load) and Class AB amplifier is often
used for the output buffer of OPA.



Floating DC voltage source

21

v, = ‘Vrp‘ + |“ipsmz2  Floating DC voltage

p

1 1
Ty wp E———=1/42B,1,; 2—— Zero cancel

Em MB2 Emé

2] DS MBI

Von =V, + — 5 Floating DC voltage

1 1
Voo =———=1/\28,1,s 2— Zero cancel

m_MBI1 m7

VDD
VBiasl 44 |:
From FC Amp.
VBias2 4‘:' |:
4 M6
' MB2 ThVer
Floating DC 1P c
voltage source =< O Vour
MBI ]D x
VG\ C M7
VBias3 4| |:
From FC Amp. o Phase compensation
VBias4 4| |:

VSS

The output voltage swing is limited within
VSS + Vo, + 3Agy and VDD - [V | - 3Ay,
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Common gate level shift

Lin

t VDD :
L t Small-signal
| I urrent source -
VBiasi— 1331/52 equivalent |Vp
circuit -
Ve - l . | L. D
Bias2 | - ret Floating DC current -® L 1Ok
L t 4 M2 source !
M b1./2 1000/2 v y
VBiasp | }
100/8 — Vout l
VBiasn__| Micn i, = —8 °(—V )
50/80 room "
i Iref/ | == )
||: M1 L, = gmfcn Vi
| 500/2 =l — ==V =
VBias3 51(\)/51 l Iref L =1, lp gmfcn Vi gmfcl’ Vp
If gmfcp = gmfcn = gmfc’
| 4| M3 . v, t+Vv
VBlas4 50/2 L, = 2gmfc( . 7 )
TN\ VSS An average potential of v, and

Current source

v, 1s proportional to 1. 46



Class AB differential bufter for OPA

Ipg: Idling Current, Ai: Current Signal

Bias: |VTp| + Agy(Ips)
VDD . 4 . 4

in :I \L [HgtAi

V. + | 80/2
. \L Vout

[ O

—— 201 SR,

(Ips-Aiy2y ! IL | pgai
20/2 40/2

VSS ® < ®
VTn T AOV(IDS)

(Don't use this circuit. This circuit 1s not available for CMFB.)
47
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Practical class AB differential butfer

+ -
oVin Vin o

80/2 |p

Vout © 1
40/2 }—l—{ 20/2

20/2

40/2 _|p—oVin" Vin o—{

Vcd(input)

VDD
80/2

40/2 ||

VCMFB

° Vout

40/2

Adjusting the
output

40/2 +— common-mode
voltage.

VSS
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13.9 Operational transconductance
amplifier (OTA)
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Functions of OTA

Gy _
Vot [~ —> { Iou’[jL o (}m(\/vinJr B Vin-)
n —+ +— Iout+
- — +
Vin _/ - Lout” IOut o _Gm(Vin B Vin—)

« Differential voltage input and differential current output

« All node are low impedance except the input and output nodes.
Differences with OPA

— High output resistance

e OTA cannot drive the resistive load.

— Unity gain frequency decreases with increasing C, .

 This characteristic is used in the g_-C filters.

— Phase margin increases with increasing C; .

* OPA become unstable with a large C,.

50



Circuit configuration of OTA

1:1:K

M4L  |p—
M3L

lou.t-O

i

Vi |

MIL MIR

—ovie’

I

— VDD

[ M4R

low|impedance ~ 1/g,,

M6L ||
1:K
M7L |

[ |

—o1 .t
1out

M7R

[ M6R
K:1

VSS

ioutJr = K- gml(vinJr B Vin_) - (}m(vinJr B Vin_)
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Characteristics of gm-C filter

T~ ] .
Vmc t o+ ° v;—ut = . i;rut = . g’m (vl—:l _Vl;l)
Vin | _ joC, joC,
+f\/ o / Tiou{ iiout—i_ A — v;_ut _v;ut — 2K ) gml
d + - .
B + C. | Co Vin = Vin J a)CL
2K -
é . v v a)u — gml
g -C integrator C,
1
o, =
(Fapa 11 747)C
SR = K - ISS
CL
(The maximum current of M4 1s K-ISS.)

52




Cascode OTA

53
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