EE 435

Lecture 8:

High-Gain Single-Stage Op Amps



Executive Summary of Last Lecture



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



High output impedance guarter-circuits
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Telescopic Cascode Op Amp
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Needs CMFB Circuit for Vg, or Vg Viss
Either single-ended or differential outputs
Can connect counterpart as current mirror to eliminate CMFB



Telescopic Cascode Op Amp
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(CMFB circuit not shown)

Ad(s)= 2

Single-ended operation
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« Large improvement in A,
* No change in GB

GB =

This circuit is widely used !!
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Telescopic Cascode Op Amp

(CMFB circuit needed)
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(No CMFB circuit needed)

Ad(s)= égml g
sCL + golL3 *+ Jos 07
Im3 Om7



Small-Signal model of Telescopic Cascode Amplifier
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A bit tedious to obtain but really straight forward



Analysis of Telescopic Cascode Amplifier

Apply KCL at 7 nodes to obtain a set of 7 independent linear equations

V

61(9o1 + Yoz + Gour) =VesGor +VsaGor + I (Vis Vs ) + Iz (Vi —Ves )
Va3 (9o + 903 ) + It (Vit —Ve1) = GoVsr + 9oV ~ ImaViss

Vo (9o2 +9os ) + Imz (Vin —Vs1) = 96Ve1 + GoVour —ImaVsa

Vour (SCL + 904 +Ygs ) — ImaVsa + 9 - (Va7 —Vss) = 904Vss + 9oaVss
Vo7 (907 +903) + 7 (Vo7 —Vs7) = ImaVss = GoaVss + GoVsr

Vs (9os +Yos ) + ImaVs7 = Ima (Vo7 Vs ) +VourIos

Vs7 (9os +9o7) + ImeVs7 = Gmr (Vo7 —Vsr ) + GoVor

S7

A bit tedious to obtain but really straight forward

Time required to obtain set of equations is quite small



Individual product terms have product of 7 small-signal parameters

e Approximately 2000 factors in output characteristics
* Approximately 14,000 small-signal parameter appearances
* GB expression much longer

4 )

Vinp*g08*gml*gm2*gm3*gm4*gmb*gm7+ Vinp*gO06*gml*gm2*gm3*gm4*gm7*gm8 +
Vinp*g08*gml*gm2*gm3*gm4*gm7*gm8 + Vinp*gml*gm2*gm3*gm4d*gmb*gm7*gm8)
/

(g01*g02*g03*g04*g07*gm872 + g01*g02*g03*g04*gm7*gm8°2 +
g01*g02*g04*g07*gm3*gm8°2 + g02*g03*g04*g07*gml*gm8"2 +
\301*g02*g04*gm3*gm7*gm8A2 + g02*g03*g04*gml*gm7*gm8"2 + 4/

4 )
CL*g02*gm3*gm4*gmb*gm/7*gm8*s + CL*g03*gm2*gm4*gmb*gm’/*gm8*s +
CL*g04*gm2*gm3*gmb*gm/7*gm8*s + CL*g05b*gmZ2*gm3*gm4*gm7/*gm8*s +
CL*g07*gm2*gm3*gm4*gm5*gm8*s + CL*g08*gmZ2*gm3*gm4*gmb*gm7*s +
CL*g01ll*gm3*gmé4*gmb*gm7*gm8*s + CL*gml*gm3*gmd4d*gmbS*gm/*gm8*s +
E?ﬁng*gm3*gm4*gm5*gm7*gm8*s) Yy




Telescopic Cascode Op Amp with Mirror-connected Counterpart Circuit

VDD

Ag(s)= égml g
SCL +0o1 02 +go5 07
Im3 Om7

Ad (S): “Om79m19m3
SCLIM79m3 * Im7903%1 + Im3905907

* Some assumptions were made to simplify analysis
= Vac=0 at “approximate axis of symmetry”
Matched left and right side transistors
Current mirror used to mirror left-side current to right side
* Difference Mode Gain has only approximately 1100 product terms

» Difference Mode Gain has approximately 7700 small-signal parameters in expression

How many product terms are present in the simplified analysis?
How many small-signal parameters are in simplified expression?

e Simplified Difference Mode Gain has 4 product terms
* Simplified Difference Mode Gain has 12 small-signal parameters in expression



Amplifier Nomenclature

The Cascode Amplifier has been classified as a single-stage amplifier but is
actually a cascade of a common-emitter stage and a common gate stage

Cascode
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Cascode Amplifier
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Amplifier Nomenclature

Cascode
VIN |  Common | Common \{OUT
Emitter Gate
“Single Stage”
VIN | Common .| Common \{OUT
Emitter Drain
“Single Stage”
VIN | Common .| Common \{OUT
Emitter Emitter
“Two Stage”

« Single-stage amplifiers have one signal inversion

(but with differential input and differential output the polarity of

signals can be identified two different ways)

+ — +
Vin Vourt

— —

+_ +
—

» Single-stage amplifiers naturally behave approximately as first-
order systems until really high frequencies



Strategy now to decrease G, and G, -G,

. . AVO _
without degrading G,,, by very much 2(G,+G,) <=

4 - Co
Are there other high
output impedance GB = Gy
circuits that can be 2C,
used as quarter
circuits?
N

15



Are there other high output impedance circuits that can be used
as quarter circuits ?

Regulated cascode
circuits have the high
output impedance

property

16



High output impedance guarter-circuits

Vour

—[ M
\
é Quarter Circuit

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 at drain of M, 17



Determination of op amp characteristics from quarter circuit
characteristics (for single-ended gain)

Small signal Quarter Circuit Small signal diffgrential amplifier
|
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Ixx P
* VouT Vs 3 4 Ves
Vi lc | ' lc,
I I+ 6 5=l
G’|GM V?d G1, Gwa _?d
Vss P,
G SS
Aoqe = GM G
2
Ao =
BW = CE (G.+G;)
G - BW = —61563
—_ M L
GB = ﬁ G
L “F =%
-G, L
5)=sc+a R

A(s) = 2
sC, +G, +G,

Note: Factor of 4 reduction of single-ended gain (for ,=G,) 18



Background
Analysis of Regulated Cascode Amplifier
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Va2 gmsV2 (D % o3
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VOUT (go3 +SCL ) +gm3v2 :VXgo3

Vx (g01+g03 ) +gm1\/IN 'gmsvz =VoutYos
V,+V, =-AV,

Vv

V, and V, can be easily eliminated from these 3 equations
19



Background
Analysis of Regulated Cascode Amplifier

Vour

Vour (903 +sC, ) +0ms V2=V
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High output impedance guarter-circuits
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Regulated Cascode Amplifier
or “Gain Boosted Cascode”

C

L

gOEQ = g“{g: }

ngQ = gml

Based upon small-signal analysis it appears that the
output conductance has been decreased even more!

AV ~ _gml

sC +gol( 9oz )
OmsA
gml gm3
A — °
° gol |: go3 :|

GB;%

L

112

Same GB as for previous two circuits

Must verify improvement in gain in
practical parameter domain !!

21

Verification will show predicted improvements



Gain-Boosted Telescopic Cascode Op Amp
\l/DD
| Vour . i I |\ i | :M6
sl |l re—
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* Needs CMFB Circuit for V; Vv
« Either single-ended or differential outputs

« Can connect counterpart as current mirror to eliminate CMFB

« Use differential op amp to facilitate biasing of cascode device 29

SS



Recall from earlier lecture:

-- The “differential” gain --

!
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Gain-Boosted Telescopic Cascode Op Amp
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Gain-Boosted Telescopic Cascode Op Amp
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Gain-Boosted Telescopic Cascode Op Amp
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Gain-Boosted Telescopic Cascode Op Amp
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This is modestly less efficient at
generating GB because now power is

consumed in the boosting amplifiers
as well

Yo1

BW=

GB =

27



Gain-Boosted Telescopic Cascode Op Amp

with Counterpart Current Mirror

\|/DD
M5_| |_M6
IR s N
|VBZ VOTU
Vs
__l l__

Elimination of need for CMFB Circuit

Ao — g _gml g
03 + go o7
Algm3 ° A3gm7

GB = Im
CL

This is modestly less efficient at
generating GB because now power is
consumed in the boosting amplifiers
as well

28



Gain-Boosted Telescopic Cascode Op Amp

29



Gain-Boosted Telescopic Cascode Op Amp

(with or w/o current mirror counterpart circuits)

Advantages:

] Significant increase in dc gain

Ms

Limitations:
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Signal swing (5VpsartVoy between Vi, and V)

Reduction in GB power efficiency

- some current required to bias “A” amplifiers
-additional pole in “A” amplifier

-may add requirements for some compensation
Area Overhead for 4 transistors and 4 amplifiers

b
Ves —| M1 -actually minor concern since performance will usually
justify these resources
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Where we are at:

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

 Two-Stage Op Amp

31



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

]
Ik
i
+ N C(L)
Oy, q; o, ¥
i I
A\/ _ _GMl
0 2(Gl+c32)<:§
BW:(31+G2
CL
GB = S

2C, 32



What circuit is this?

ouT
M, -~ C,
v
M,
Vss

\Y

Cascod

VOU
My =c
v
Ml
SS
e Amplifier

33



%0 What circult Is this? )
: %[:T
!

[:Ml [:M1

V|N VIN
Vss Vout | Vour Vss
j‘ M, | =& ﬁ EMS =C,

ok -

A vd v

Small-signal circuit structures are identical !

v,

° Cascode Amp“ﬁer CaSCOde Ampllfler

— Often termed a “Folded Cascode Amplifier”

— Same small-signal performance as other

—  Vout SWING Vpsan-Vosare could be small or negative 34
— But a biasing problem !!



Biased Folded Cascode Amplifier

ORI

Vour

VBB“ l:|\/|3 Vbb

Folded Cascode Amplifier Biased Folded Cascode

35



Implementation of Biased Folded
Cascode Amplifier?

A
IBZ
VOUT

Ve ) M, @IBl Vi1 M, |\/|5L’7V53
S

VIN_ \ ‘ M, VIN_ M,

Implementation of Biased
Biased Folded Cascode Folded Cascode

36



Analysis of Biased Folded Cascode

Vour
| \
Voo with ideal dc bias current in Vour (903 +5C, ) *Oms Vs = Vo
VB14| [:'V'S Ms FVBS drain of M2 (nOt Shown) Vx (gol + go3 + gos ) + gmlvl o gmsvs - VOUTgos (
Vs ==V
V|N (I) _G
[ ™ A =0 — M V,=V ]
ﬁ YT, sC +G B
|
VOUT (903 + SCL ) + (ng + 053 )Vs =0
+gm1\/IN - VS (gm3+gol + go3 + goS ) +VOUT903
Vour Vour -
I+ T+ !
Vs Om3V3 (D g o3 Y05 ; OmsVs Vg
Ve 1
+ Vx
Vi gnVa () § te How can this be seen by inspection?
T = » First observe if all g,'s are 0, G\,=0,,;

Then observe M; “cascodes” the impedance gy;+0,s

37



Biased Folded Cascode Quarter Circuit

VOUT
VOUT ~ _ Om1 Voo —~c
V., g :
IN 03
SC_+ (901 T Jos ) Vm# [:M3 M FVBZ v
m3 5

Avo ~ gml gm3

38



Basic Amplifier Structure Comparisons

(ideal current source biasing)

Small Signal Parameter Domain

Common Source

~ Im

Ay == GB = In

Y% C,

Cascode A, = Im1 Ima GB = In

gol goS CL

Regulated A, = Y1 Gms A GB =~ In

Cascode Oo1 Y03 C,
Folded Cascode |A =~ 9m s GB =~ Im
(gol + goS) go3 C|_

39



Basic Amplifier Structure Comparisons

Practical Parameter Domain

Common Source 2 1
(Rl | eleele)
VEB VDDCL VEB
Cascode 4 1
Avo :[)\A ](v Y, GB = ° :
1N\3 EB1VEBR3 VDDCL VEBl
Regulated
4 A -
Cascode Ao z()\)\ j(v v j GB :( 2P ][(1 e)j
©=pct power in A 13 EB1"EB3 VDDCL VEBl

Folded Cascode -
40 GB _

O=fraction of current Ao & (9)\ Y ))\ VERY,

of My thatis in M; 17 75/7s "EB1TEB3




Biased Folded-Cascode Amplifier

Quarter Circuit
Counterpart Circuit

41



Folded-Cascode Operational Amplifier

\‘/DD
| |

V e [

DD ' . E }VL{ v

V||, . Ve ) {—VF 5573%

Vin - TS |

I “h b

T imy
QUARTER CIRCUIT dass
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Folded-Cascode Operational Amplifier
(redrawn)

i I
o N 00‘| P
e [ m
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Vour Ve2 Viur

M
VI:\-I Ve 9| i Mo
N B L
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Folded Cascode Op Amp

Vss
*Needs CMFB Circuit for Vg,
"Either 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 44



Folded Cascode Op Amp
(Single-ended Output)

A(s)=- o

My i B M, SCL T gOEQ

Ve T g

N

L, o A ~ =
MS_ I B M4 VO g

Ve Vou OFQ

L J | GB ~ g Q

M9<_ 9 | _T MlO -~ C C
Vis

M7._ L, Mg Y ngQ — gml




Operational Amplifier Structure Comparison

Small Signal Parameter Domain

Reference 1 g, GB g SR |
Op Amp © 729 +4,. - 2C " 2C
Telescopic Ym1 I
Cascode A, = 2 GB = G SR=_"
g g
gol = +go7 = 2CL 2CL
gm3 gm5
Regulated Y1 g |
Cascode 0 g, 903 g Yoo 2C. 2C
Olgm3'A‘l o gm9A3
Folded Im1 |
Cascode A, = 2 GB = Ju SR=_r
(gol+gos)§°3 047 3"9 2C, 2C,

46



Operational Amplifier Structure Comparison

Practical Parameter Domain

Reference

1 1 P 1 P
Op Amp VO |:)\1 N )\3 :|(V531j [ZVDDCLJ _VEBl_ ZVDDCL
Telescopic 2 -
P
Cascode Ay = | P 11| sr=
VEBl(AlABVEBB + A5A7VEBS) GB - £2VDDCL ) ’ _VEBl 2VDDCL
Regulated 2
A~ P(1-6
Cascode " AV, AA Vo, )| GB =( P(1-8) ) { 1 } SR= 2\5 C)
©=pct power in A VEBl Al t A3 2\/DDC:L VEBl DD™L
Folded 20
_ P 0 eP
Cascode [Aw - GB = o R =
O=fraction of VEBl((e)\l + )‘S)ASVEB3 + (1 e))‘g)‘7VE89) (ZVDDCL j [VEBJ S 2VDDCL

current of Mg
that is in M,

a7



Folded Cascode Op Amp
(Single-ended Output)

VlN‘i[:

| ¢+ 7 1

r [
|

M
<

T

SS

AY
/1
O

A\

How many degrees of freedom are there?

What is a practical design parameter set?

DOF ? 9 DOF

Practical Design Parameters

{Pie’VEBl’VEB3’VEBS’VEB7’VEBQ’VBZ’VBS}
where 8=I/(l;+11,) 48



Folded Cascode Op Amp
(Single-ended Output)

Ms - m, 9 DOF
Mo " m,
- Ve2 i Vour
i 1
N M9<_ g | |\/|10 T~ CL
VlNAHIMl M2:] }7le_ Vi, ]
A s L
lT l IT2
VSS
VSS

Is the 9 DOF an asset or a liability? Asset
Is this circuit actually used? Widely

How many terms would there be in the gain if we did a standard small- 7 nodal
signal analysis and did not assume symmetry or differential input? eqns



What circuit is this?

Vour
<
4} \v4
|
1|, M
Vin >

Folded regulated cascode

Can it be used to build a useful op amp? 50



Textbook reference;

Some of the material we have been discussing appears in
Chapter 3, some in Chapter 5, and some in Chapter 6 of the
Martin and Johns text

In particular, the telescopic and folded cascode structures are
referred to as advanced op amps and appear in later chapters of
the text

51
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Stay Safe and Stay Healthy !







