EE 435

Lecture 9:

Folded-Cascode Amplifiers
Current Mirror Op Amps



Where we are at:

Basic Op Amp Design
« Fundamental Amplifier Design Issues
« Single-Stage Low Gain Op Amps
mm)- Single-Stage High Gain Op Amps
« Other Basic Gain Enhancement Approaches

 Two-Stage Op Amp



Review from last lecture:

High output impedance quarter-circults

Vour
| \
1, M
V .
IN @ Quarter Circuit
A4
A4

Regulated Cascode Amplifier
or “Gain Boosted Cascode”

A is usually a simple amplifier, often the reference op amp with + terminal
connected to the desired quiescent voltage

Assume biased with a dc current source (not shown) at drain of M,



Review from last lecture:

Gain-Boosted Telescopic Cascode Op Amp

(with or w/o current mirror counterpart circuits)

Advantages:
VDD

. ' ] Significant increase in dc gain
vs || 1| Me
L g y Limitations:

A TR

3 \YBT JTVOTU * Signal swing (4VDgr+Vy between Vpp and Vgg)
MsG}—{ M C, * Reduction in GB power efficiency

i :[ - some current required to bias “A” amplifiers
Vi [ My Mz ]} - -additional pole in “A” amplifier
-may add requirements for some compensation

I Area Overhead for 4 transistors and 4 amplifiers
Ves —| M1 -actually minor concern since performance will usually
justify these resources



Review from Last Lecture
Are there other useful high output impedance
circuits that can be used for the quarter circuit?
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Review from Last Lecture

Biased Folded Cascode Amplifier

51 <,> @ g2
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<~ Vss
Folded Cascode Amplifier Biased Folded Cascode



Review from Last Lecture _
Implementation of Biased Folded

Cascode Amplifier?

t IBZ
VOUT

Voo Voo
Ve y M, @ I VBl" M, |\/|5L ’7V53
[
V Vin
IN _ {
Il: M, M,

Implementation of Biased
Biased Folded Cascode Folded Cascode



Review from Last Lecture

Basic Amplifier Structure Comparisons

Practical Parameter Domain

Common Source

VO

B

2P

cB :(
VooCL

e

of Mg thatis in M,

Cascode 4 1
e eB-| 2 | 1
1\3 EB1YEB3 VDDCL VEB].
Regulated
4 A -
Cascode. A =(55 [ia | e [ 2p )((1 e)j
©=pct power in A 1As A\ Ves1Vees VooCu A Vess
Folded Cascode
A~ 40 GB — 2P e
O=fraction of current vo ™~ (BA1+A5))\3VEB1V533 VDDCL VEBl




Review from Last Lecture

Folded-Cascode Operational Amplifier
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QUARTER CIRCUIT dass
Op Amp



Review from Last Lecture

Folded Cascode Op Amp

VIN‘il:Ml MZ:]FVIN_ Vs

VSS

*Needs CMFB Circuit for Vg,

sEither single-ended or differential outputs

=Can connect counterpart as current mirror to eliminate CMFB
*Folding caused modest deterioration of A, and GB energy efficiency

*Modest improvement in output swing 10



Review from Last Lecture

Folded Cascode Op Amp
(Single-ended Output)

\|/DD A (S) ~ — ngQ
VvV
M = SsC, +0..
—vl T
A ~ ngQ
M?:_> I B M AVO “q
| -V
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Review from Last Lecture

Operational Amplifier Structure Comparison

Practical Parameter Domain

current of Mg
that is in M,

Reference 1 1 P 1
Op Amp A, = GB = . SR=__"
)\1 + )\3 VEBl 2VDDCL _VEBl_ 2\/DDC’L
Telescopic 2 -
P
Cascode Ay = [ P 1 |] sr=
VEBl(AlASVEB3 + A5A7VEBS) GB N £2VDDCL ) y _VEBl 2VDDCL
Regulated 2
A~ P(1-0

Cascode " AAVeg, AA Ve, | | GB =( P(1-8) ) { L } SR= Z\S C)
|[©=pct power in A Vess A, * A, 2VppCy Ves1 DD™L

Folded

Cascode (Yo =y gy ) § BJA,A B=( " H ’ ] sR=_2P

O=fraction of VEBl(( 1t 5) 3VE83+(1_ ) 9 7V559) 2V,.C, Vg, N 2V,,C,
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Review from Last Lecture

Folded Cascode Op Amp
(Single-ended Output)

\|/DD A ~ gml
VO ~ g g
— < 03 09
M5_ }_V'_{ | Ms (gol + gos ) + (go7 )
B1 g g
N m3 m9
|V|3_ M, gml
Ve2 Vour G B =
B | L
. Mg‘_ ﬂ | Mo T G
Vin 4[:,\,'1 sz FV'N_ Ve, j How many degrees of freedom are there?
M | Mg Y What is a practical design parameter set?
| DOF ? 9 DOF
Ve, > Practical Design Parameters

{P,G ’VEBl’VEBS’VEBS’VEB7’VE89’VBZ’VBS}
where 6=I{/(I++l+,) 13



Folded Gain-boosted
Cascode Amplifier d}

A O3 %}
g2
GB — gml v IKMl CP

N

= with ideal current source bias

= modest improvement in output swing
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Folded Gain-boosted
Cascode Amplifier

o™

~y

VOUT ~

—Om VOUT_

VIN SCL + (g01+g05)903 VDD iCL

gm3A I_ZHIM?’ Msb}ivm
Ao ~ _gmlngA £

(gol"‘goS)gos o IEMl

GB — gml
C, modest improvement in output swing
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Basic Amplifier Structure Comparisons

Small Signal Parameter Domain

Common Source

g Om
VO go CL
Cascode A, = Om1 Ims GB = 9m
Jo1 Yos C,
Regulated Ay ~ 9m1 Gm3 p GB = Im1
Cascode Jo1 Y3 C,
Folded Cascode O  Ime | GB = Im
Ao = B C
(901 "‘gos) Oo3 L
Folded Regulated g g g
A — ml m3 A GB — Iml
Cascode " (901 "’gos) Jo3 CL

16



Basic Amplifier Structure Comparisons

Practical Parameter Domain

Common Source . E i . op 1 j
VO A\ Vg VooCo A\ Ves
Cascode
S R R e
)‘1)‘3 VEB 1VE|33 VnnC, VEB1
Regulated
Cascode A z( 4 J( A j cg | 2P
©=pct power in A )‘1)‘3 VEB 1VEB3 VDDCL

Folded Cascode

40
©=fraction of current Avo = ((e)\l + A, ))\SVEBlvEB3J GB = ( 2P
of Mg thatis in M,

Folded Regulated

Cascode A~ A48, cB =| 2P 6,(1-8,)
©,=pct of total power in A Vo (92 )\1 + )\5 ))\SVEB 1VEB 3 VDDCL VEBl

O,=fraction of current of
M; thatis in M;




Folded Gain-boosted Telescopic
Cascode Op Amp
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GB _ gml V’LA”:M1 sz_]}*v'l‘_ i ] Vin
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*Needs CMFB Circuit for Vg,

sEither single-ended or differential outputs

=Can connect counterpart as current mirror to eliminate CMFB
=Folding caused modest deterioration in GB efficiency and gain
*Modest improvement in output swing 18



Operational Amplifier Structure Comparison

Small Signal Parameter Domain

Reference A 1 g. B g.. SR
Op Amp VO _5g01+g03 _2—(:L -
Telescopic O
Cascode Ao=—7 2 g GB = Iu SR =

gol = +go7 o 2CL

gm3 gm5
Regulated 91 9
A = ? GB =" SR =

Cascode R P 2C

Folded Im1

Cascode A, = 2 GB = Yu SR
(@01 +Uos) 2%+, 3‘“’ 2C,

Folded Omt

Regulated |A, = 2 GB = Yu SR

Cascode (Gos +Gas) 2 40y 2C,

gm3A3 gm9A9




Summary of Folded Amplifier Performance

 + Modest improvement in output signal
swing (from 5 Vpg gat 10 4Vpg sat)

« + Can directly feed output back to input
to create buffer

« - Deterioration in A, (maybe 30% or
more)

* - Deterioration in GB power efficiency
(can be significant)

e -  Minor increase In circuit size

20



Other Methods of Gain Enhancement

Recall: A B — gMQC

VO

YDD gocgc T gocc
Cour_lterpart g
Veg — Circuit | G B — mQC
TVOUT C

L
Vin— Quarter [ | C _
Circuit Two Strategies:
V‘ 1. Decrease denominator of A,
SS

2. Increase numerator of A,

Previous approaches focused on decreasing denominator

Consider now increasing numerator )1



Determination of op amp characteristics
from quarter circuit characteristics

Small signal Quarter Circuit Small signal diffevrential amplifier

|xx® PXBiq
T

G, Gm1

AVQc(S):SC e <) AV:V6: 2
L Vd SCL+G]_+GZ

Note that the counterpart circuit is simply serving as the biasing current source
Could use counterpart circuits (or other circuits) from other quarter circuits for “P”
Counterpart circuits connected as one-port 29
Can think of making differential op amp directly from quarter circuit



Differential input op amp directly from
guarter circuit

sC, +G

Voo
| Ves
. i Vour _G | P9 ; v _Gm1
Vv Aoc(S)= M e 1 | e A, = YO _ 2
IN l . vQC l Y -2 l v Vd SCL + Gl + G2

VDD VDD

IBB IBB |BB G) IBB
+

|
F
V.
lgias ss
_ _Gm1
Vo

Ay =-2 = 2
Vd SCL + Gl + GIBB

23
G, _is the output conductance of lgg



Alternative insight into what is happening

Can think of this as “steering” signal-dependent current to the output
node which drives the total output conductance on the output node
to obtain a signal-dependent output voltage

Vour

| AY(S) = ———o
Vin . = C, sC, +G, +G,
<
|vSS G, =G,
N\

Vour (G, +G, +sC )+ GV, =0 24



Omeo Gain Enhancement Strategy

gMQC =01 M

g, IS Increased by the mirror gain !

Folding is required to establish the correct
bias current direction

=

—d <
<
©)
C
_|

Consider using the quarter circuit itself to
1 form the op amp

Vin 4| M, Could have done this (or can do) for
other quarter circuits as well

Consider this quarter circuit Output conductance of QC: Jogc 25



Omeo Gain Enhancement Strategy

Omvoc™ ngM

= +
Vout Yoeo = Yooc T Yo,

™ CL A _gmll\/I

ViN —ﬁ I_T\T/Il %D b | v SC_ + Yoo
& <

Redraw to absorb Ig in the quarter circuit

26



Omeo Gain Enhancement Strategy

M: 1

Vour

Vin —~{ M1 d) g
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27



Omeo Gain Enhancement Strategy

Have we seen something very similar to this before?

M:1

Vour
|B(;

Vi ———[w

sz e

iIncreases effective g,, by a factor of M

@h

does not sacrifice an output

Vit [

T _VJUT

doubled effective g,, (factor of 1+Mm)

sacrificed one output

eliminates need for CMFB

28



What about this?

M

1

Vour Vour
IB;? é) Is
Vi —l[]/ll Mz:]}iv@
I+ ; . .
@ What about this circuit?
1: M .
. v
~ Vour [ —ouT

M2:] Vi

?
> W +— [141 Mz:] ———Vin

@T

Increases effective g, by 1+M
Leave this circuit to HW problem

29



What about this?

2-output Current Mirror

1 1 1
[ ]
Voura Vours
Vina _
Vin —{E/Il Maa }AA |V|25:] }7VINB

V- +
—_—— V+OUT V 'lNA - + T v VT
.,.Z INB — |~ § +
\ OouUTB
- V+ 4
4 B} IN
\ ouT
_ New Device
Not Quite Interesting properties — is it useful?

30



Current Mirror Op Amps

V.

ouT

Ayy=—"
Vour ' Vin - Vi

M
T A I
L IB Is C|_
! % % - mm
| 2
|

+ M:/l\ }:

VI?\_I —'[_T\'/ll M2:] V|§ AVd =
SC, + Goeo
I Very Simple Structure!

Premise: Transconductance gain increased by mirror gain M 0o =M gzml

(for V| +=V4/2)
gOEQ = gO—mirror + gOIBB
Premise: If output conductance is small, gain can be very high Avo =—g”’i
OEQ
Premise: GB very good as well
Still need to generate the bias current | GB = e

C

L



+
VOUT

Vss

Current Mirror Op Amps

VDD

M :

1

1: M

Vour

6 i Vg? —

Vss

VBZ

Need CMFB to establish Vg,

e A s

+
Vour

4[:'\/'9

Vss

Basic Current Mirror Op Amp

Can use higher output impedance current mirrors

Can use current mirror bias to eliminate CMFB but loose one output

32



Current Mirror Op Amps

VDD
Elimination of CMFB '
I

Ms - ['st M4j o ['jMG

Vour

WE wrfp @ > e v ,HEMS

Alternative Basic Current Mirror Op Amp

V- _m
Ay =T = 2 A -g,,M
Vi SCL 4000 vd sC, + Joco

* Eliminated CMFB

* Doubled g,

« Sacrificed one output

« Good Signal Swing at input and outpl
« Only 9 transistors

 Very simple circuit 33



Is this a real clever solution?

34



Basic Current Mirror Op Amp

Vb
I
Ly o L, o
(e T [
V(;_UT VO_UT
LI Vi ICl_
[ R |
Ve ol
4‘ Mg VBl" M- 4‘ Mg
N N
VSS VSS VSS
CMFB not shown
9
A _ _ngQ 2 M

vd —

SCL+00  SC. + g

2C 35



Basic Current Mirror Op Amp

Current-Mirror Op Amp offers strategy for
d,, enhancement
Very Simple Structure

Has app
Based u

ications as an OTA

pon small signal analysis,

performance appears to be very good !
But — how good are the properties of the

CMOA?

Is this a real clever solution?

36



Seminal Work on the OTA

OTA Obsoletes Op Amp

by C.F Wheatley
H.A. Wittlinger

From:
N.E.C. PROCEEDINGS

37



Seminal Work on the OTA

OTA Obsoletes Op Amp

by C.F Wheatley
H.A. Wittlinger

From:

1969 N.E.C. PROCEEDINGS
December 1969

38



Original OTA

Ay L) e lour
| |
Qo e LAl
| |
B
laBC | :
L =
N
A — I3
B — louT +|4
4 — I3

Current
Mirror

39



Original OTA

40



Original OTA

IOUT
—

lour = M(IB - IA)

41



Original OTA
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42

lour = M(IB - IA)

3-mirror OTA



Current Mirror Op Amp W/O CMFB

s o ngQ :Mgml

| | Vour

v 4& jp& Often termed an OTA

| |
Vq)T | \ IOUT
SS I
] VIN gm
1:1 |
V

SS

Introduced by Wheatley and Whitlinger in 1969 I

43



OTA Circuits

OTA often used open loop

Excellent High Frequency Performance

Gain can be made programmable with dc current
Large or very large adjustment ranges possible

Kel for BJT circuits
n = K./ for MOS circuits

2 to 3 decades of adjustment for MOS

5 to 6 decades of adjustment for BJT
60



OTA Circuits

OTA often used open loop

Recall: Op Amp almost never used open loop

—+

Since we just showed that the OTA Is also a good high-gain
op amp it seems there are conflicting statements

Challenge to students: Resolve what may appear to be conflicting
statements. Will discuss this issue during the next lecture.
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OTA Applications

V,, @ y

Y VOUT — ng ¢ \/IN

dm, IS controllable with | 5gc

Voltage Controlled Amplifier

Note: Technically current-controlled, control variable
not shown here and on following slides
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OTA Applications

m
Vn O / V ReV
:—g ®

Voltage Controlled Inverting Amplifier
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OTA Applications

R

IN

_ 1
_gm .

Voltage Controlled Resistances
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Stay Safe and Stay Healthy !







