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Lecture 19

« Determination of Loop Gain
« Other methods of gain enhancement
* Linearity of Transfer Characteristics



Lecture 18: Executive Summary

Thank You Lance
RHP zero degrades phase margin.
LHP zero improves phase margin

and doesn't affect magnitude of
the transfer function.

Number of Poles = Energy Storage Elements - Energy Storage Loops

B ()Lp + in)ﬂp Theta is desired to be as close to 1

GB = V.. 35C as possible to maximize GB. Adding a resistor Rc can
oo t help move a RHP zero.
! Cancelling p2 with a zero causes an
- @ ¥ | improvement in phase margin, as well as
Ps3 0, 7 P, helping GB to increase due too p1 to move
2 ™ farther away from the imaginary axis.
L Vi
RC:pC WV A resistor can be created using a 1
transistor in the triode region. VDD or GND are often - o .
used for Vxx or Vyy Re ™
7%



Review from last lecture

Basic Two-Stage Op Amp

o

Ay

Vour

/1

vi—{m W;M Ce

gmd(ng B SCC)

SZCCCL + SCC(gmo _B gmd)+ B Ind9mo

Right Half-Plane Zero Limits Performance

 Why does the RHP zero limit performance ?
« Can anything be done about this problem ?
« Why is this not 3" order since there are 3 caps ?



Review from last lecture
Why does the RHP zero limit performance ?

100 -
80
60
40
20

Gain Magnitude in dB

-20 A
-40 -
-60 -

-80 -

0.00E+00

Phase in Degrees

-2.00E+01 A
-4.00E+01 -
-6.00E+01 A
-8.00E+01 A
-1.00E+02 -
-1.20E+02 A
-1.40E+02 -
-1.60E+02 -
-1.80E+02

LHP Zero

All Pole
RHP Zero

-2.00E+02 -

\

p1=1, p.=1000, z,={none,250,-250}

In this example:

« accumulate phase shift and slow gain drop with RHP zeros
* loose phase shift and slow gain drop with LHP zeros

» effects are dramatic



Review from last lecture

Two-stage amplifier with LHP Zero
Compensation

VDD
M
e A A
Va Ve %%CH Vour A( ) md| Ims c g
C =
V|N %[:M'] M2 j% V|-I[\-j ZLLCL SZCCCL + SCCng + googod
VB1 <”: M7 Vggﬁ[_: MG Zl — _ng
ng
C -1
: C{ 9c }

z, location can be programmed by R
If 9.>9,5, 21 in RHP and if g.<g,,5, z, in LHP

R has almost no effect on p, and p,



Review from last lecture

Two-stage amplifier with LHP Zero
Compensation

Omd (gms + SCC |:gm5 o I:D
AGS) g

B S2CCCL +SC:Cng +googod

21 _ _ng
CC|:gm5 _1:|
dc
+
p1:_ gol ggoS p __%
C m3 2 C
C(905 + go6 ] L
———5 *
o Z1 P

where should z, be placed?



Review from last lecture

Basic Two-Stage Op Amp with LHP zero

‘VDD
Mﬂ%ﬂﬂw/{ Ms
Va Ve [vv—e— Vour
RC CC i
Vin M Mz Vi :LCL
V1 ﬁq M- Vsﬁ[: Me Vxx
I s
Realization of R 7
c AN OR
L Rc ~
R oWV
MCoxVVVEB ;I—
YY

Transistors in triode region

Very little current will flow through transistors (and no dc current)

Vpp or GND often used for Vyy or Vyy

Vigq Well-established since it determines |5

Using an actual resistor not a good idea (will not track gm5 over process and temp)



Review from lgst lecture
Loop Gain - AB

But what if the amplifier is not ideal?

n MRAW Vourt R
(le V4 Rin AV, Ry B = 71

» v
ANAA g = Go
?« - G1+Gy
The Loop Gainis  p _A { G2Go }
HOOP TV (Go + G )[G1+G2+GIN]+G2 (G1+GN)
This can be rewritten as
Go (G1*G2) D{ G }
A =| A
HOOP [ V{(Go +GL)[G1+G2+GN|+G2(G1+GiN ) | ) G1+Go
This is of the form
_ Gy
ALoop —(AVL){GﬁGZ}
where A, is the open loop gain including loading of the load and 3 network !

Go (G1+Gy) }

Ay =A
vEETY {(Go +GL )[G1+G2+GN |*+G2 (G1+GN )




Loop Gain - AP

(for voltage-series feedback configuration)

But what if the amplifier is not ideal?

AAAN Vourt
—+ Ro
Un % P, % Rin %?Av% R %
— C
/ AN

Breaking R
the Loop R

Standard Loop Gain Circuit including Biasing
Standard SmaII-SignaI LOOp Gain Circuit (terminations shown in ss circuit are what is needed in the actual amplifier)



Loop Gain - AP

(for voltage-series feedback configuration)

But what if the amplifier is not ideal?

+ Ro
‘le v, Rin A, Ru
= C

v ’
OU;_‘_
( % R1 RZ
GoGo
A ~A
HOOP V{(Go +GL)[G1+G2]+GZ(G1)}

Loop Gain from Terminated Loop

GyGo }

A _A
LOOP =WV (GH + G| )[G1+G,+Gin [+Go (G1+G
(@) L 1 2 IN 2 1 IN

Real Loop Gain

Breaking loop even with this termination will result in some error in A 5op



Loop Gain - AP

(for voltage-series feedback configuration)

But what if the amplifier is not ideal?

o %

AAAN Vout
Ro
C

of-

Breaking
the Loop

f

+ Ro
‘v1 RIN A\/(v»]
= C

%m

ANV AV
Rz + RZ
Vout Ri

Better Standard Small-Signal Loop Gain Circuit

M

;

R + o
R Voo == ‘vOUT Iina R

Better Loop Gain Circuit including Biasing

(terminations shown in ss circuit are what is needed in the actual amplifier)



Loop Gain - AP

for four basic amplifier types

voltage-series feedback

.

Vout
%AV?A RL %
C
S

&

Feedback Amplifier

current-series feedback

@.N%

{v.ﬁ

Loop Gain Amplifier

(vm%

Re

I .
[———

B B

&



Loop Gain - AP

for four basic amplifier types

current-shunt feedback

T 4

<}_

Feedback Amplifier
voltage-shunt feedback

Loop Gain Amplifier

&

|
¢ i %i? Rriis

/M

Vour .
UN
¢ o Rriiy R, |
.

& i

:

M

B | B




Open-loop gain simulations

VXX
i
i t Vour
Vin & —
. —— Load
VIC — with
Termination|Termination
Bias
N

N

Must first adjust Vy, to trim out any systematic offset

Always verify all devices are operating in the desired region of operation

If an ac input is applied to V,y, no information about linearity or signal swing will
be obtained

If any changes in amplifier circuit are made, V4, must be trimmed again
Include any loading including loading of beta network (with proper termination)



Open-loop gain simulations

(with a closed-loop test bench)

Test
B
Network

| Vour

VIN Load
— with
Termination|Termination
Bias

le J7

Stabilizes the effect of the systematic offset voltage
Test 3 network may not be related to actual 3 at all
Loading of actual B network included in “Load with Termination”

Input and output buffers eliminate any loading effects of the test 3 network

A, must be calculated from measurements of V5, and V,
Test B network must be chosen so overall network is stable

Why not just use actual B network for test f network?

Actual B network may even be unstable before compensation is complete



Feedback simulations

T Xout
N Q A

"3‘

Why not just simulate the frequency response of the actual feedback amplifier
and look at the magnitude of the gain to see if that is what we want ?

Isn’t that what we really want anyway?

If the ampilifier is overly underdamped or oscillatory, won'’t that show up anyway?

Remember, the small-signal analysis will have the same magnitude response
for minimum-phase and non-minimum phase systems !



Tools for Helping with Amplifier Compensation

cadence

Home - Tools - Custom IC / Analog / RF Design : Circuit Simulation : Spectre Circuit Sin

M ATI J A B Accurate, fast SPICE-level simulation
Numerous tools but generally Based upon testbenches using
require analytical models actual circuit schematics (thougn

behavioral descriptions can be included)

STB (in Spectre)

The Spectre 5TB analysis provides a way to simulate continuous time loop gain, phase margin and gain margin without breaking the feedback loop.

In the stability analysis you are required to choose a probe from which the loop gain measurements are taken. The probes, described below, can be found in the analogLib library.

Many sources on line discussing STB analysis.
(One youtube video is listed below (without assessment of either validity or quality)

https://youtu.be/L8WJhENPZNCc



Other Methods of Gain Enhancement

A = Givac A —_ 9uact ,  ~Yuaco
Vo V0
gOQC + gOCC

9oact T 9occt Yoac2 T Y9oceo

Methods used so far:

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode

Increasing the transconductance
(current mirror op amp) but it didn'’t really help because

the output conductance increased proportionally

Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)
practically limited to a two-level cascade because of too much
phase accumulation



Other Methods of Gain Enhancement

Recall:

vV

DD

Counterpart
Circuit

IN Quarter
Circuit

VSS

AY!

ouT

_ o gMQC
Joac T Yocc

B - T
C

L

A

Vo

Two Strategies:
1. Decrease denominator of A,

2. Increase numerator of A,

Previous approaches focused on decreasing denominator or

increasing numerator with current mirror

Consider now increasing numerator with excitation



Other Methods of Gain Enhancement

VDD A — o (ngC + ngC)
VO
| Goce + Joce
Counterpart
I QIrCUIt — GB — ngC + ngC
V'N_ VOUT CL
Quarter | T C,
Circuit il
V

SS

Consider now increasing numerator
by changing the excitation



Imeq ENhancement with Driven
Counterpart Circuit
Recall
- O
ﬁ@% Vo Ave = 9o1 T 903
v.N§—i w ICL GB = Imt
s C
< AVO — gml T gm3
s g. +9.
| | Vour
Vin g__i; M ~C_ GB = g.+3g..
< C,
J7 * In the small-signal parameter domain, both
gain and GB appear to be enhancement

e |Is this real?



gmeq

Enhancement with Driven
Counterpart Circui;c

DD

] VB1 l{\Ms

!

V,— DAS

Vv

SS

Needs CMFB Circuit to Vg, or Vg,



Jmeq ENhancement with Driven
Counterpart Circuit
Is this real? A 19, +g,
Voo Y2949,
Vg1 —{[MG GB _ l gm1 + gm3
2 C
" e 1
Vour T E :} T Vour A = VEBI VEB3
CLJ: Vit~ LMy Mz |, - ICL s
P 15 1)
o el
Ver—] [ Ms 2V.C [\V.- V..,

GB and A, improved !



Other Methods of Gain Enhancement

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode

Increasing the transconductance
(current mirror op amp) but it didn'’t really help because

the output conductance increased proportionally

:> Driving the counterpart circuit does offer some improvements in gain

Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)
practically limited to a two-level cascade because of too much
phase accumulation



Other Methods of Gain Enhancement

\'/DD
Counterpart A _ g MQC
v_ —  Gircuit | VO N
e y Yoac T Yocc
T ouT
Vao— Quarter — ICL Two Strategies:
Circuit
_ITUI 1. Decrease denominator of A,
Vss 2. Increase numerator of A,

Consider again decreasing the denominator

Avo _ ~ Omac

Joac T Yoce — Yox

Is it possible to come up with circuits that will provide a
subtraction of conductance in the denominator ?



Other Methods of Gain Enhancement

/]\ Vour :_
Vour — P1 Vil Oup1Vs %gom
Vour <
Vour
Vinl F1 .~ CL L + 1 c
J7 < VIN@ Vi Inr1V 1 Q) % Yor1 I
l
Vour (SCL + 0t T goF1)+ Imr1ViNtGmp1 Vs = O}
V3 — _VOUT
A ~ Omac A (S) ~ OnF1
Vv (S) = Vv

SC. +Joac +Jocc — Yvee SC. +or1 + 9opt — Imps



Gain Enhancement with Regenerative Feedback

A A, = ~ OmF
Vour —| P SCL +9or1 + 9opt — Impy
ng1
A.. =
Vour " 9or1 T 9or1 ~ Imp1
VN F1 L C, BW = Jor1 T Gor1 ~ Gmes

C,

J7 Y GB — ng1
C,

The gain can be made arbitrarily large by
selecting g,,p4 appropriately

The GB does not degrade !

But if not careful, maybe g, Will get too large!



Gain Enhancement with Regenerative Feedback

=

A ~ O
" SCL +9or1 T 9op1 = Imp
AVO . ng1

goF’I + goP'] o ng1

BW = goF1 + goP1 B ng1
C.

GB — ng1
C,

The gain can be made arbitrarily large by selecting g,,p1
appropriately

The GB does not degrade !
This circuit has a positive feedback loop (V,yp1:Vour-Vout)

But - can we easily build circuits with this property?



Gain Enhancement with Regenerative Feedback

But - can we easily build circuits with this property?

N 1
_VOUT ] P1 P1
Vour <}
Vi F1 == CL ViNT F1 ~ CL

R

But — the inverting amplifier may be more difficult to build than the op amp itself!

Do we need 2 op amps, one with an output buffer to drive the R resistors?



Gain Enhancement with Regenerative Feedback

But - can we easily build circuits with this property?

T i 0
V.. — P ) P, P )
ouT 1 Voo \ “ | 2 v
V, l
uT V|J,:| ] F1 CL CL l F2 — VIN
VIN_‘ F1 T~ CL i i

But — the inverting amplifier may be more difficult to build than the op amp itself!

YES - simply by cross-coupling the outputs in a fully differential structure



Gain Enhancement with Regenerative Feedback

/]\
~—OmF1
Vour — P Avo(s)= <
SUL +90F1 T %P1~ ImP1

ouT

AY
/1

IN 1

JoP1 t YoF1

OmP1

ImF1
9oF11T90P1

If 9p1 = 9or1t9ope, the dc gain will become infinite !



Gain Enhancement with Regenerative Feedback

Vour — P4 SCL +39oF1+ 9oP1 ~ ImP1

_ "90r1 = 9or1 T Gmp1
C

Y

IN

If 9,p1 > 9or11t9op, the pole will be in the RHP !

This will make the op amp unstable

This is the major reason most have avoided using the structure !



Gain Enhancement with Regenerative Feedback

This will make the op amp unstable

our Q
Vi FTC %

IN 1 l L
Il Positive Feedback is BAD !!




Remember — Why do we want a large Op Amp
Gain Anyway?

Xn A Xout A
A__ =
B 1+ AB

|
NV L =
(“‘%m ZE!»»
A

Even when standard A, =

A

B

To make A.g very close to 1/

OL

1+ A, B
R2

Va |T - Vour
Vin _

Want Ay, large to make V, very close to 0 so A5 very close to —R,/R;

equation does not apply




Gain Enhancement with Regenerative Feedback
T

~—OmF1
ouT P Avo (S) = C
1 SCL +9or1 + 9or1 — Imp1
D= “9or1 — 9or1 T Imp1
J7 < If §ps > Gop1+Gops, the pole will be in the RHP 1!

It can be shown that the feedback amplifier is usually stable even if the open-loop
Op amp is unstable

The feedback performance can actually be enhanced if the open-loop amplifier is
unstable

Research has been ongoing recently using this approach and it shows
considerable promise for gain enhancement in low voltage processes



Gain Enhancement with Regenerative Feedback

T
oo — P

-V

v,— F

IN 1

B ~ImF1
SCL +9oF1+90P1 — Imp1

_ "90r1 = 9or1 T Gmp1
C

Y

If 9p1 > 9or1t9opy, the pole will be in the RHP !

It can be shown that the feedback amplifier is usually stable even if the open-loop

Op amp is unstable

How?

Recall: The numerator of A, does not change signs when the constant term in
the denominator transitions from positive to negative with this approach

For Op Amp
Vo
Vi -v~

Ayo(s)=

Avyo(s) =+

AV—O}% for p; >0

(s+71) where A, ;>0
—A< aD

—voPr for P, <0

| (s+P;)



Gain Enhancement with Regenerative Feedback

It can be shown that the feedback amplifier
1 is usually stable even if the open-loop
Op amp is unstable

N l - How?

J? —(AVO?I) for p; >0
_|_
Avyo(s) =+ SA p1~
Lﬁ)pl for p; <0
\ (s+Dy)
AvyoD .
— for p; >0
Apg (s) —J S+pl(1+ﬁ~AVO) where A,,>0
—Ayob for B, <0
- P <
\S+P1(1—:3AV0)
) _{—ﬁl(”ﬁAvo):Pl(HﬁAvo) for p; <0
FB =) .
—B (1= BAvo)=pi(1-BAvy) for p; >0



Gain Enhancement with Regenerative Feedback

T It can be shown that the feedback amplifier
Vour — P1 is usually stable even if the open-loop
Vv Op amp is unstable
T ouT
Vi F4 lCL How?
B =1 (1+ BAvyo) =pi(1+ BAy) for p; <0
FB — ~
P (1= BAvo) =p:(1- BAyy) for p; >0
Open-Loop and Closed-Loop Pole Plot for equal open-
loop pole magnitudes A m
i i Re
X X >
PrB | P1
> e 2ipy d im
i i Re
| Pre P4



Gain Enhancement with Regenerative Feedback

T
' ~ G
ouT ] P1 \\\\ | @ A SCL + 9ok 1+ Jopt — Impr
Vour %«’Iﬁ?
. D= ~9or1 ~ Yor1 T Gmp
VN F1 = CL CL
J7 < If Gmp1 > Gor1+dops, the pole will be in the RHP 1

The feedback performance can actually be enhanced if the open-loop amplifier is
unstable

Why?



Gain Enhancement with Regenerative Feedback

The feedback performance can actually b enhanced if the open-loop amplifier is

unstable

Why?

+ VouT

Apgp(s)=

Ay b

s+p(1+ SAyp)
—Avy oD

s+P;(1-BAyo)

Settling Window

for p; >0

for p; <0

B-1

e

Py (




Gain Enhancement with Regenerative
Feedback

The feedback performance can actually be enhanced if the open-loop amplifier is

unstable Why’?

Settling Window

B VA —
p; >0 %/

~

2
A\
o

» Time required to get in settling window can be reduced with RHP pole
» But, if pole is too far in RHP, response will exit top of window



Some Half-Circuits with Interesting Potential

Vour

o

Va—P1a| Vs1P18
Vour
iC
Vini1F1a|v,z1F 1A 1 -
| il
Va—P1a Pig
1 VOUT
1
Vin—1F1A ICL
$



Existing Positive Feedback Amplifier

:VDD
Q5 | Q?]W ﬁ
Vl-{ [Ql Q2

Vi ._‘ [Q7

A = (1/2)gm1 - (l/z)gml
vo = _ ~ ~ v
02017804 T806 T8 ~ &ma Bms ~ 8ma
A(S) — (1/2) ml

SCp +180 + 804+ 806 T s — &l



Existing Positive Feedback Amplifier

N 2k
VO — ~
0217804 7806 T8 ~ 8ma e

A(S) — (1 /z)gml
SCL +1802 + 804+ 806 T g — &omal

‘Requires precise matching of g4 t0 (9,,+ 904 +t9ostIme)
for good gain enhancement
*Difficult to match g,, terms to g, -type terms



Alternate Positive Feedback Amplifier

:VDD
Vi | Q5 Q-’]W ﬁ Qo b2
R - o Vout
vi-{ Q1 Q2 || Vit TG
VY4
e o

V



Alternate Positive Feedback Amplifier

12)g
N
02 T804 T 806~ &ma

A(S) — (1 /2)gm1
SCp +[802 + o4 t 806 — sl

*Requires precise matching of g,., t0 (9,,+t9.4196)
for good gain enhancement

*Difficult to match g,, terms to g, -type terms



Another Positive Feedback Amplifier

] L Vewrs o
VB44| MSA M5 I | I MG MGA }7\/84
[ ]
J L o i
- VBF‘ M7a M_? Mg  Mga }—Vsz
Vour — | Vout
CL ;: VBZ“ MSA IV’_ILEI Ij"/u M4A FVB:; o~ CL
~ . <
V|N4| M M: }*Vni
b
VB14| M

CMFB Circuit
Not Shown

* Regenerative feedback can be to either quarter circuit or
counterpart circuit

 Regenerative feedback to cascode devices can significantly reduce
the magnitude of the negative conductance term



Another Positive Feedback Amplifier

e

- VB34{ M7a ’\a l-jﬂs Msa }*VB? .
Vourt Vour
CL ;|\ VB?—{ Masa '\g [jHA Maa B3 L
1

_|_
Vass Om3Vsss > Jos

J7 ] G

4 }—V I C J V2
Vii—[m M, || Vi l VOU
: ‘U Jo7a fv+ Jor CLJ_
VB14 ; GS7A L e GS7 GmrVcs? l
_|_
GssA Josa Voss OmsVcss Jos
Imsalassa .
T 3<} K vV,
Vin2 ——
B +
Vi (201 + 205+ €osa )+ 8m1Vin /2= Vo (205 +8osa )~ 8ms (Ko Vo + V1) = gmsaVy e @Qmww %gm
V(203 + 207 + 8074 ) = Vo (807 + 8074 ) + Em7 (K1 Vi = V2 ) =274 V2 - J7

Vo (SCL + 205 + Zosa + 207 + 2074 ) = Va (207 + 2074 ) + Vi (205 + Zosa ) + Em7 (K Vi +V3)

+2m7aVa + 28ms (KoVa + Vi) + 2054 Vi

Ki=0 if cross-coupling absent, 1 if cross-coupling present

Small-signal half circuit



Vour

Another Positive Feedback Amplifier

e

Vsag{ Mza '\E l-j/'s Mea }7\/52
T
+
[l

M,

EAA‘MA\QFVBS II C.

v

Vi (201 + 805 + 8054 )+ 2m1ViIN /2 = Vo (205 + 054 ) — 8ms (Ko Vo + V) —gsa Vi

Vo (203 +807 +8074) = Vo (807 + 8074 ) + 87 (K1 VI = V3 ) =217 Vs

Vo (SCL + 205 + Zosa + 207 + 2074 ) = Va (207 + 2074 ) + Vi (205 + Zosa ) + €m7 (K Vi +V3)
+2m7aVa + 28ms (KoVa + Vi) + 2054 Vi

Transfer function solution with MAPLE T(s)=N(s)/S(s)

num = -(-K1 K2 gm5 gm7 + gm5 gm7 + gm7A gm5 + go7 gm5 + go3 gm5

+ go7A gmS5 + K1 go3 gm7 + gmSA gm7 + go5 gm7 + goSA gm7
+ go5A go7A + go5 go7A + goSA gm7A + go5 gm7A + go5 go7
+ go5 go3 + gmSA gm7A + goSA go7 + gm5SA go3 + goSA go3
+ gm5A go7A + gm5A go7) gml

den :=-gol go7 gm5 K2 - gm7 K1 go5A go3 - gm7 K1 go5 go3

- gol go7A gm5 K2 + (gm5SA gm7A + gm7A gm5 + goSA go3

+ goSA gm7A + gm5 gm7 + gol gm7 + go5 gm7 + goSA gm7

+ gm5A gm7 - K1 K2 gm5 gm7 + gol go7 + gm5A go3 + go5 gm7A
+ go3 gm5 + go5 go3 + go5 go7A + go5 go7 + gol go7A

+ goS5SA go7 + gm5A go7A + goSA go7A + go7 gm5 + gm5SA go7

+ go7A gm5 + gol go3 + gol gm7A) sCL + gm7 go5 gol

+ go5SA gol go3 + gm7 go5A gol + gmSA go7A go3 + gmSA go7 go3
+ go5SA go7 go3 + go5 go7 go3 + gm5 go7 go3 + gol go7A go3

+ gol go7 go3 + goSA gol go7A + goSA gol go7 + go5 gol go3

+ go5SA gol gm7A + go5 gol go7 + go5 gol gm7A + go5 go7A go3
+ go5 gol go7A + gm5 go7A go3 + goSA go7A go3

Ki=0 if cross-coupling absent, 1 if cross-coupling present



Another Positive Feedback Amplifier

Vi (201 + 805 + 8054 )+ 2m1ViIN /2 = Vo (205 + 054 ) — 8ms (Ko Vo + V) —gsa Vi

Vo (203 +807 +8074) = Vo (807 + 8074 ) + 87 (K1 VI = V3 ) =217 Vs

M Vi
. I “ Vo (SCL + 205 + Zosa + 207 + 2074 ) = Va (207 + 2074 ) + Vi (205 + Zosa ) + €m7 (K Vi +V3)
+2m7aVa + 28ms (KoVa + Vi) + 2054 Vi

T(s)=N(s)/D(s)

Neglecting go terms compared to gm terms, simplifies to:

num = ( gm5h gm7h -K1 K2 gm5 gm7+K1 go3 gm7 +gm5h go3 + go7h gm5h
+ go5Sh gm7h) gm1

den := (K1 K2 gm5 gm7 - gm5h gm7h- go7h gm5h - gol gm7h - go5h gm7h
- gm5h go3 ) sCL - go7h gol go5h - go7h gol go3 - go7h goSh go3
- gol goSh gm7h - gol go5h go3 - go7h gm5Sh go3
+ goSh gm7 K1 go3 + go7h gol gm5 K2



Practical Comments about Positive
Feedback Gain Enhancement

« Significant gain enhancement is possible but most designers avoid
regenerative feedback because of unfounded concerns about closed-loop stability

» Accuracy and settling time can be improved with some regenerative feedback

« Will become more critical in emerging processes where g,,/g, ratios degrade
and where supply voltages shrink thus limiting the longstanding cascode process

» Regenerative structures can have high sensitivities

« Signal swing quite limited in some of the most basic regenerative feedback
structures

» Most useful in two-stage architecture where regenerative feedback is used in
first stage (effects of signal swing are reduced by gain of second stage)



Summary of Methods of Gain Enhancement

Increasing the output impedance of the amplifier
cascode, folded cascode, regulated cascode, positive feedback

Increasing the transconductance

current mirror op amp) but it didn’t really help because
(the output cond%ctar?ge increaseé prop%rtioﬁally

Driving the counterpart circuit does offer some improvements in gain
Cascading gives a multiplicative gain effect
(thousands of architectures but compensation is essential)

usually limited to a two-level cascade because of too much
phase accumulation

One or more of these effects can be combined



Operational Amplifier Architectures

Most of the popular operational amplifier architectures have been introduced

Large number of different architectural choices exist with substantially different
performance potential

Choice of architecture is important but judicious use of DOF is essential to obtain
good performance

Few architectures offer a GB power efficiency that is better than that of the
reference op amp (but some two-stage amplifiers do)

Some variants of the basic amplifier structures such as buffered output stages are
commonly used in some applications



Observations about Op Amp Design

Considerably different insight can often be obtained by viewing a circuit in
multiple ways

Various systematic procedures for designing op amps have been
introduced

It is important to understand the design space and to identify a good set
of design variables

— design spaces can be explored in many different ways but the degrees of
freedom are incredibly valuable resources and should be used judiciously

Cascaded amplifiers offer potential for gain enhancement but
compensation schemes to practically work with more than two levels of
cascading have not yet emerged

Positive feedback appears to provide a promising approach for building
high gain amplifiers in low voltage processes but research is ongoing into
how this concept can be fully utilized



Up to this point all analysis of the op amp has
focused on small-signal gain characteristics

Linearity of the amplifier does play a role in linearity and spectral
performance of feedback amplifiers

Linearity is of major concern when the op amp is used open-loop
such as in OTA applications

A major source of linearity is often associated with the differential input
pair

Will consider linearity of the input differential pairs
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