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Announcements

e Homework 7 due Apr 21

e Reading
 Razavi Chapter 12



Agenda

e Feedback Overview

e Feedback Properties

o Amplifier Types

e Sense and Return Techniques

e Feedback Polarity

e Feedback Topologies

o Effect of Nonideal I/O Impedances
e Stability

e Two-Stage Miller OTA
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> Anegative feedback system consists of four components:
. 1) feedforward system, 2) sense mechanism, 3) feedback
network, and 4) comparison mechanism.
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> A, is the feedforward network, R, and R, prowde the
sensmg and feedback capabllltles and comparison is
provided by differential input of A,.

...................................................................................................................................................................................................................................................................................................................
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Feedforward E=X-X F — X - EAlK

System E(+4K)=X
+ E Y
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Sense F ]
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1
‘ Feedback \ N J

Output Port of Network Input Port of
Feedback Network Feedback Network

> As A Kincreases, the error between the input and fed back
~ signal decreases. Or the fed back signal approaches a |
good replica of the input.

...................................................................................................................................................................................................................................................................................................................
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e What happens to the closed-loop and error
transfer function as Al — «?

AVE
\\ 3R1 Y 4

Good =
Repllca X 1+ K4
%Rz 1 R+R 1+R1
= X K R R,
E_1
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» When the input is grounded, and the loop is broken at an
~arbitrary location, the loop gain is measured to be -KA,.

...................................................................................................................................................................................................................................................................................................................
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Vy=—KAY,,

test
N

e Result should be the same wherever we break the loop as
long as we analyze the loop in the proper signal direction
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> Signal naturally flows from the input to the output of a

~ feedforward/feedback system. If we apply the input the
other way around, the “output” signal we get is not a result
of the loop gain, but due to poor isolation.

...................................................................................................................................................................................................................................................................................................................

CH 12 Feedback 11



Agenda

e Feedback Overview

e Feedback Properties

o Amplifier Types

e Sense and Return Techniques

e Feedback Polarity

e Feedback Topologies

o Effect of Nonideal I/O Impedances
e Stability

e Two-Stage Miller OTA



Feedforward

System
+ . Y Al
X o—»@—» A, Y —
) E A\ N X 1+ KA,
ense
Comparison 7 Xe Mechanism

Mechanism

‘ Feedback \

Output Port of Network Input Port of
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AK>>1 ) r.l

» Alarge loop gain is needed to create a precise gain, one that

does not depend on A,, which can vary by +20% with process
and temperature variations.

» Can we make a feedback factor K with low variations?

CH 12 Feedback 13



> When two resistors are composed of the same unit resistor,
~their ratio is very accurate. Since when they vary, they will
vary together and maintain a constant ratio.

1 R R w/ variations (&) .
2T A - afy tay R+ Ry (ideally not changed)
K R oR, R,
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e Bandwidth enhancement

e Modification of I/O impedances
e Reduced sensitivity to load impedance

e Linearization
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Xo

Open Loop

T4

A1(S): P
1+ —

>

Negative
Feedback

=

Closed Loop
AO
1+ KA,
X S
1+ K4y )y,

\

Closed - Loop "DC" Gain =

Closed - Loop Bandwidth = (1+ K4, ),
Constant Gain - Bandwith Product (GBW) = 4@,

4
1+ K4,

» Although negative feedback lowers the gain by (1+KA,), it
~also extends the bandwidth by the same amount.
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Open-Loop

A / Amplifier Gain
Ay

K=0

0dB

> As the loop gain increases, we can see the decrease of the
~overall gain and the extension of the bandwidth.

...................................................................................................................................................................................................................................................................................................................
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Assume :
A=0
R, + R, >> R

CH 12 Feedback

Vino— ERZ
QO ~ ngB
Rin — i
Em
@out — RDJ

18



Note, we have negative feedback due to

RD iD:gm(VF_vin)

Vout

] |
\

e Closed-loop gain decreases by 1+KA, factor
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RD % Assuming that R + R, >> R,
L 2 Vout Vout =ixRD
' RAR
M1 R1 szlx DA\2
:-II R +R,
f-x VF I.RAR
o= — Ve —v. )= y —X D*"Y2
éRZ X gml( F x) gml( x R +R,
+
r— . RAR
V'x / - lX(lﬂngl_'_l;z 2j:gmlvx
1 2

e Input resistance N R, )
increases by 1+KA, factor K = —| 14— ==&, Kp
N y

Em |+ R,
e Same factor as the closed-
loop gain decreases
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Assuming that R + R, >> R

i
= - Yx _ VxR, Vx
%R1 + ’ Ly = 8mVF +RD gml(Rl +R2J+RD
M, I X
1 VF -
=R i é _ R, A
- 1 2 Rout o R
= 2
N P

Output resistance decreases by 1+KA, factor
e Same factor as the closed-loop gain decreases
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Vop
.

? *—o Vout
Rp
M , :.II_—° Vo =R L= by
Vino— H
W/0 Feedback With Feedback
Large Difference Small Difference
a R R I
[g R,—>¢g RD/B} Emtp > EmtD
" " R R2
1+ g R, 3+ g R,

. R +R, R, + R, P
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Open-Loop
Characteristic

Closed-Loop
Characteristic
A,

1+ KA,

.

X

1+KA1
(a) (b)
e Significant distortion Gainat x, = zl@_ij
: : : 1+K4, K\ K4
with large input signal
e A <<A Gain at x, = 4H 1 1_L
? ! "1+ K4, K\ K4,

e If KA; and KA, remain large,
overall gain is ~ 1/K
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Voltage Amplifier

A 0 Ay = II/;ut
in o
+
mé |_> <-l Vout
=0 —

Transconductance Amplifier

GDm lout
-
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S
¥ Rj, =00 Rout =00

G — Iout
L 7%
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Transimpedance Amplifier

)RF:D

’in C* Cll.lt
1 out =0 L
Current Amplifier
A
out
-]
lin *) |-> =
1 Rin=0 R oyt = 00
- I
AI — Io.ut
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Voltage Amplifier Transimpedance Amplifier
AO — Vout R _ Vout
Vin ",
Vino—— © Vout © Vout
+ +
\ A 0 Vin I in \ R 0 | in
Transconductance Amplifier Current Amplifier
VinD— —_—
C*) GmVin liny (*)A 1 i
1, Lout
_ —ou A, = -2ut
G, V- I I

n
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Voltage Amplifier

Assuming Voo
A=0 Rp
P
O
Vino I M1 out
— 1 o= 1
- out g
R;, = oo = m2
A() - _gmlRD R.

Transconductance Amplifier

lout Rout =ro
Vino— M ,
R;, = co B
m = 8ml
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Transimpedance Amplifier

VDD
Rp
|
© Vout
Vin Rout = ng
. - "
== _1_ Ry,=R,

I m1
Current Amplifier/Buffer
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+
Voue ™ Voltmeter
o’e)

» In order to sense a voltage across two terminals, a
~ voltmeter with ideally infinite impedance is used.

...................................................................................................................................................................................................................................................................................................................
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o Vout

Feedforward ! OV Vin
System o ooUt
Feedback |
Network :l
oo

» Similarly, for a feedback network to correctly sense the
. output voltage, its input impedance needs to be large.

» R;and R, also provide a mean to return the voltage.

...................................................................................................................................................................................................................................................................................................................
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Current Meter

> Acurrent is measured by inserting a current meter with
~ideally zero impedance in series with the conduction path.

> The current meter is composed of a small resistance r in
.~ parallel with a voltmeter.

A PP PR
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Feedback
Network

I

» Similarly for a feedback network to correctly sense the
~current, its input impedance has to be small.

> Rghas to be small so that its voltage drop will not change |_.

...............................................................................................................................................................................................................................................................................................................................
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> In order to add or subtract two voltage sources, we place
~ them in series. So the feedback network is placed in series
with the input source. |

...................................................................................................................................................................................................................................................................................................................
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(*) Vino—
(c) (d)
ll_l2zgm(vm_VF) ilzgm(VF_vm)

> Although not directly in series, V., and V. are being
~ subtracted since the resultant currents, differential and
single-ended, are proportional to the difference of V;,and V..

.........................................................................................................................................................................................................................................................................................................................
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> In order to add two current sources, we place them in
~ parallel. So the feedback network is placed in parallel with
the input signal.

...................................................................................................................................................................................................................................................................................................................
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> Since M, and R are in parallel with the input current source,
~ their respective currents are being subtracted. Note, R has
to be large enough to approximate a current source.

...................................................................................................................................................................................................................................................................................................................
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M M,

If R + R, 1s large . o
b~ galnal) . g
o Ko Vin°_||: M, Mz:—l VE VF:R1+R2 o
R + R, -
Vour _ Ao _ gml(r04Hr02) 'ss -
Vie® 1+ 4K ] i (roalr2) Rﬁsz =

» R;and R, sense and return the output voltage to
~ feedforward network consisting of M,- M,.

» M, and M, also act as a voltage subtractor.

...................................................................................................................................................................................................................................................................................................................
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e This circuit senses a voltage and returns a current
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> To sense a voltage, the input impedance of an ideal
~ feedback network must be infinite.

> To sense a current, the input impedance of an ideal
~ feedback network must be zero.

...................................................................................................................................................................................................................................................................................................................
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» To return a voltage, the output impedance of an ideal
~ feedback network must be zero.

» To return a current, the output impedance of an ideal
~ feedback network must be infinite.

...................................................................................................................................................................................................................................................................................................................
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CH 12 Feedback

> 1) Assume the input goes
either up or down.

> 2) Follow the signal through
the loop.

» 3) Determine whether the
returned quantity enhances or
opposes the original change.
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Vin°_||.> M ,

M3j|j_||: M,

? 2 Vout
=R,
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%
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Negative Feedback
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[VMT = 1, TV, L=y TVt =, i,VAT}

Negative Feedback
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Voo
Rp1

* °© |'/l:nut

7 >

| P

Mol

[ =, T, =y L, =i, T, TJ

e If we are trying to build a linear amplifier, positive feedback is bad
e Circuit can latch up or oscillate
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Positive Feedback
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e A voltage amplifier requires sensing of the output voltage
to produce a feedback voltage

e Output voltage is sensed in parallel and feedback voltage
applied in series with the input

=
Vin V,
o— —
- Vm _VF — Vm _KVout
out AOVI AO(Vm KVout)
Vout — AO
V., 1+KA,

K
| n~+
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CH 12 Feedback

AO ~ gml(r04Hr02)

°Vout If R + R, islarge (>>1,4r,,)

K= "2
R+ R,
Vout — AO _ gm1(7'04H7”02)
. R
Vin 1+ AK 1+gm1(r04Hr02)R +2R
1 2
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Feedforward

LRy =Viy =V =Viy =Ly Riy )oK

in—in in—in
72
— = Rin (1 + A()K )
........................................................................................................... 1y,

» A better input voltage sensor, as the input impedance
~increases by 1+A K
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Breaking
Feedback

Voo
R T
@

M -"__|__
R2 o— )
|->
1
Rin,open - Rin
m

Ay =g, Ry, (Assuming R, + R, >> R))

_ RZ
R+ R,
V. 1 R
Rin,closed — Im — £1+ R -|—2R ngDj
CH 12 Feedback in  Em 1 2
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Ve =KV

Assuming Feedback has large input impedance
d N Vi~ AKP)

> Abetter output voltage source, as R, has been reduced by

CH 12 Feedback .



Iss =

Ry

=
+
V|: __

Rout,open = (FOZHFO4)

Ay = g (oalroa) (Assuming R, + R, >> rp,[ros)
R +R,
V Yoo |7, R 1
Rout,closed = IX = R O2H 04 = (1+R—1]_
a 1+R1+R2 gmroalros) 2/ Eml

CH 12 Feedback
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e A transimpedance amplifier requires sensing of the output
voltage to produce a feedback current

e Output voltage is sensed in parallel and feedback current
applied in parallel with the input

e

99— 9 O
Iiné) Vout
&

o o)
/e Ve =~ 1Ry =1y~ KV, )R
Vout — RO
. K - I, 1+KR,
|
o) O
-y
CH 12 Feedback 1% V 54



Assume R 1s large (R r>>R D2)

Ry =Rpi(- gmaRp>)
out Jpp = Y ou — = Y out
Rp+— Rr
Eml
Vout Vout RF
Vout — gm2RD2RD1
Ly 14 gm2RparRpy

= Ri
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CH 12 Feedback

; 1 1 A
in ,closed gml . L gmzRDlRDz
S Rp
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Vy=—IpRy=—KVyR,

f R
Neglecting the small feedback current V X _ out
7 _Vx =V _Vx +KVyxRy I, 1+ R, K
X = = [
Rout Rout

> A better output voltage source, as R_,; has been reduced by
 (1+KR,)"

CH 12 Feedback o
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Rp2
Rout,open = RD2 % RD1 —oV

out
Ry = Rp (- g,2Rp2) | M,
__ b My J—V =
Rr I RF
b M -t

4 RD2 I

out ,closed

14 g RpiRp,
N Rp
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e A transconductance amplifier requires sensing of the
output current to produce a feedback voltage

e Output current is sensed in series and feedback voltage
applied in series with the input

lout
=]
]out = Gm(Vm _VF): Gm(V;n _Klout)
]out — Gm
- V.. 1+KG,

60



G, = —8m3(r03Hr05)(_ gml) & ’Out

K=R
M

Vino—{[5 M, M4|:.|| Ve
R

~

]out T = gmlgm3(r03 HVOS) - 1
cilose
Vin 1+ 2,18 m3 (’”03 | 705 )RM RMJ
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e For correct measurement

n of a feedback current
(:) Vx system’s R ,, Vy must be

- inserted in series
KCL at the output node
out
v
—~ =R _.(+KG )
1 X

...................................................................................................................................................................................................................................................................................................................
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Voo
Rp —L M,
T lout
S
Vino— ? Ve
Gm,open :(gmlRD )ng ERM

CH 12 Feedback

ﬁOut

v

n

Rin |

R

\out

N

gm&mEp

closed ~—

closed

| closed —

1 T gmlngRDRM

1
(1 T gmlngRDRM )

ml

1

Ry )

/

(I+g,.8,.Rp

ng

R,t EXpression assumes
that Ry, is small
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e A current amplifier requires sensing of the output current
to produce a feedback current

e Output current is sensed in series and feedback current
applied in parallel with the input

’out

’e
O =0
9
]out — A](lin _]F): AI(]in _Klout)

I e -

|_> K I I, 1+K4,

I

CcO

CH 12 Feedback K= 'k (A ) 0
I A

out

65
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A] E Rout i ED X
' l

I I I
* F xY X KCL at output node
K Iy = Vx _ KA, I
Rout

V I
—+ =R (1+KA4,)
I, )

...................................................................................................................................................................................................................................................................................................................
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out

ot b= L 1 bt
Negative Feedback
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Al,open = RD (_ gm2)
Assuming R, >> R,

Ry

~

/|

- ngRD

1

R

closed ~—
’ I+ g,.Rp(Ry /Ry)

1

in | closed ~—

ml

\Rout |closed — 7'02[1 + ngRD (RM /RF)]/

.1+gm2RD (R, /Ry)

R,.t €Xpression
assumes that

Ry is small e
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Feedback Network Loading

e In the previous examples, we made a lot of
simplifying assumptions that neglect the
loading the feedback network has on the
amplifiers I/O ports

e However, the finite feedback network
impedance may alter the overall circuit’s
performance

e In order to include the feedback network
loading effects on the I/O impedances, the
following methodology can be employed



Feedback Analysis Methodology

with I/O Loading

1. Identify the forward amplifier

2. Identify the feedback network

3. Break the feedback network correctly
4. Calculate the open-loop parameters

5. Determine the feedback factor correctly

6. Calculate the closed-loop parameters



Return \ Sense
Dupllcate Duplicate

> The correct way of breaking a loop is such that the loop

~ does not know it has been broken. Therefore, we need to
present the feedback network to both the input and the
output of the feedforward amplifier.

A PP PR
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(a)
o ot @[]
/ —
MOR N . 1 ou
Open q Open Openj

e Sense duplicate output is loaded with the ideal input
impedance of the forward amplifier

e Return duplicate input is set with the ideal output
impedance of the forward amplifier

+
|/in"_""'" ° Vout ° Vout
_ ’in % I F
Open =
(b)




Voltage-Voltage Feedback

+
Vino—l-- m —o V¢t

> Since ideally, the input of the feedback network sees zero

~impedance (Z,, of an ideal voltage source), the return
replicate needs to be grounded. Similarly, the output of the
feedback network sees an infinite impedance (Z,, of an ideal |
voltage sensor), the sense replicate needs to be open.

» Similar ideas apply to the other types.

...................................................................................................................................................................................................................................................................................................................
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Voltage Amplifier

Transimpedance Amplifier

V> V1 /5 A ¥ V1
n = L =
T okl T ok2l2
Vi Vi
Current Amplifier Q :K I Transconductance Amplifier
124 OV ® .
L T n T
- /o - V2
1 Ty

o Voltage feedback: feedback network output is opened
e Current feedback: feedback network output is shorted



Voltage-Voltage Feedback

+
v, OV
n T
- B V2
=

> Since the feedback senses voltage, the input of the
. feedback is a voltage source. Moreover, since the return
quantity is also voltage, the output of the feedback is left
open (a short means the output is always zero).

> Similar ideas apply to the other types.

...................................................................................................................................................................................................................................................................................................................
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Return / \ Sense

Duplicate Duplicate

\
v,open — gml [RD || (Rl + R2 )]
in ,open — 1/gml

out ,open — RD || (Rl + R2) /
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y -4 /(1+ KA

v,closed v ,open
R, (1+ KA

in ,closed — ln ,open

V,open )

V,open )

\Rout cclosed — Rout ,open /(1 + I<Av,0pen )/
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/Av,open = 8mn [’”ON | 7op || (Rl + R, )]\
R — OO

in,open

kRout,open — rON H rOP H (Rl T RZ) /
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vino_ll_:l M1 M2
@

@ Iss

7K =R, (R, +R,) B
y, A /(1+KA

v,closed V,open

v, open )

in,closed = €0

R
R =R /(1+ KA
CH 12 Foodback K out ,closed out ,open ( v,open}
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CH 12 Feedback

ﬁout _ RFRDI

open
]in RF + L
gml
1
Rin,open - || RF
ml

@ut,open — RD2 || RF

-[_ 5 2 (sz | R

l




CH 12 Feedback

{out,closed — Rout,open /(1 + K

V.. V.. V
ou — ou / 1 i K out
[in closed ]in open ( ]in open )
Vou
Rin,closed = m ,open / (1 +K I : open )
Vout

1 i Ope’y 83




VDD
MS\:II I !dms W
X ¢ ’out

Device

L, _gm3(”03 H”os)gm

o

For

open
V. Yoy + R, + R,

l

R = 0

in,open

CH 12 Feedback

Flnﬂ_‘[ M 5 H.L"}
- (21
Ropspen =Tor + R, Y 5. 1"

For a current output with feedback, the
output resistance must be obtained
with the test stimulus in series

T 84
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'K = R N\

M
(Iout /Vzn |closed ) — (Iout /Vz |0pen )/[1 + K(Iout /Vzn) |0pen ]
Rin,closed = @0
@out,closed — Rout,open [1 + K (] out / Vin ) |0pen ] /
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/Iout gmlRD \ oo
(0] en: HﬂT
V. *" R, +R,, +1/g ,

l

Rin,open — 1/g-ml

\Iaout,open — (l/gm2) +RM ”

CH 12 Feedback

X
H'I j H"
l'rm.'ﬁ— H“ -
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______________

‘K =R,, A
(Iout /Vm |closed ) — (Iout /Vm |0pen )/[1 + K(]out /Vm) |0pen ]
R = R, 1+ KL Vi) lopen ]

@out,closea’ — Rout,open [1 + K(]out /Vm) |0pen ] /

in,closed in ,open
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_ (R + R, )R, —g T, Rout Eq. Circuit

A[,Open 1 y _|_R _|_R || R oo
RF + RM 4+ —— 02 L M F i T vW =l
gml Ci v
1
Rin,open - || (RF + RM)

o %RFHRM
ot pn = To2 + Rp || Ry o
- 88
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'K=-R, /(R +R,,) N
A; ciosea = Ar.open 1+ KA, 00)
R, ciosea = Ripopen /(1 + KA, 00
CH 15 Foodback @ ut.closed = Rout.open (LT K‘Al,open/) 6




Myl Yo My Ve )
L ﬁ/\F —o V ,t 2 *\‘Q\F J__ L R %RM out
lin (*) =Ry, lin <+) ¥
ﬁ/ t RFRD \
B | = -2, (R, || R
]in open RF +1/gm1 [ gm2( F || M )]
1

Rin,open — g—ml || RF

\]aout,open = RF || RM J
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v

/]m) |closed: (Vo /]m)|

open 1+ K(V,
Rin,closed — Rin,open /[1 T K(Vo /]zn) |

%zout,closed — Rout,open /[1 + K(Vout /]ln) |0pen] /
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Bode Plot Algorithm - Phase

1. Calculate low frequency value of Phase(H(jw))
a. An negative sign introduces -180° phase shift
b. A DC pole introduces -90° phase shift
c. A DC zero introduces +90° phase shift

2. Where are the poles and zeros?

a. For negative poles: 1 dec. before the pole freq., the phase will
decrease with a slope of -45°/dec. until 1 dec. after the pole
freq., for a total phase shift of -90°

b. For negative zeros: 1 dec. before the zero freq., the phase will
increase with a slope of +45°/dec. until 1 dec. after the zero
freq., for a total phase shift of +90°

c. Note, if you have positive poles or zeros, the phase change
polarity is inverted
3. Note, the above algorithm is only valid for real poles
and zeros.
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20log|H|A Assuming @, 2100w, and @, 2100w,

(dB) © S N,

Wp1 Oz Wp2 o (log scale)

e
M (log scale)

> Assuming general negative (left-half plane) poles and zeros,
. the phase of H(jw) starts to drop at 1/10 of the pole, hits -45°
at the pole, and approaches -90° at 10 times the pole.
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Three-Pole
System

» For a three-pole system, a finite frequency produces a
~ phase of -180°, which means an input signal that operates
at this frequency will have its output inverted.

...................................................................................................................................................................................................................................................................................................................
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R
H(s) s=jo_, M (jo)
1+ KH(s) 1+ KH(jw)

)=

It KH(jw)=-1, then)i(ja)l) = H({)a)l) = o0

> Substitute jw for s. If for a certain w,, KH(jw,) reaches

-1, the closed loop gain becomes infinite. This implies for a
very small input signal (or inherent system noise) at w,, the
output can be very large. Thus the system becomes unstable.

.....................................................................................................................................................................................................................................................................................................................................
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L«

p
| KH(joy) 21
ZKH (jex)==180

\

o We want our linear amplifiers to be stable (not oscillate)
e Thus, we don’t want this criteria to be satisfied
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I -
W 0)2\ o (log scale)

OF

=
o (log scale)

> This system oscillates, since there’s a finite frequency at
~ which the phase is -180° and the gain is greater than unity.
In fact, this system exceeds the minimum oscillation

...................................................................................................................................................................................................................................................................................................................
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20|og|KH|‘ 20Iog|KH|A
(dB) 0 \\ -~ (dB)0 -
0 ™ - 0 -
i ® ®

UF: 1) e— \ -180°
/KHY /KHY
Un-Stable Stable

When Z/KH =-180°, |[KH|>1 When ZKH =-180", |[KH|<1
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-

20log|KH|

(dB)0

-180°

/KHY

> Wpy, (“phase crossover”), is the frequency at which ZKH=-180°
(o, above)

> Wgy (“gain crossover”), is the frequency where |KH|=1 (o, above)
CH12Feedback .................................................................................................................................................................................................................................................... 101 ................................



For Stability with the worst - case feedback factor (K =1), we need to find

the open - loop magnitude response ‘H p‘ < 1 when thereis a 180° phase shift

<7

— 3 |
KH(s)= ( ngD)g’ where @, = 1 : N
RyC |
1+ — | D D
”p i 1 1
1. Find the phase crossover frequency, wpy Vi M T ¢, —m; T Cy
ZH(jwpy )=—3tan™| £EX | = _180° A
@, 20log|H|
3
Opy = \/ga)p (ngD)
2.The KH magnitude at wpy must be less than unity |HP|
3 3 :
(gnRp) _ (€nRp) <1 o
T 3 ’ 11\ ollogscale
: o (log scale
1+[“)PXJ { ”(‘6)2} RpCy!
w . (DPX
p ; -
o (log scale)

3. This implies that the low - frequency gain
4 mRD <2

CH 12 Feedback
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Now the feedback factor has been reduced to K =0.5

3
KH(s)= (0.5X ngf) where @, = 1
RyC, |
S D*1 !
@p ! Rp
1. The phase crossover frequency is the same | l
Vinl M-' I C1
LZH(jwpy )= —3tan_1[a)ﬂ] =-180° = =
@
b 20log|KH A
Opy =30
ZP;(h KH magnitud be less than uni (9mPo)
. I'he magnitude at @wp, must be less than unit
g PX y0-5(ngn)3

05XguRo) _(05guRp) _,

Vout

@Op

3 3
2
\/1{“’”{] [ 1+(£)2}
3. This implies that the low - frequency gain

’ 3

o
o (log scale)

o (log scale)



WGy 2 Opy DGy < Opx , WGy < Opx

2000glkH | b 20logliH] but\close i sufficiently
0 {l}}'\ E o mﬂ!?é\\ :IT o }. -
: Em“ . 'mﬂ _ ME\;\ i
i i o Ef‘]‘n {..]_
E..'_ e Y ol PO imion.
L KHY
. | o His)
J_“@"' i ‘ JW\J @* t | —{V\N_ 1o 1) - Hts}l]—‘r
Un-Stable Marginally Stable Stable

e While the middle system is “Marginally Stable”, it has a poor
transient step response, in that it displays large ringing which

takes a long time to die out
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Plot that
20Iog|H|A ot assumes tha

Wex = a)pZ

The "phase margin" quantifies the separation of the

loop - gain phase shift from the unstable —180° value.

0

I

o (log scale)

Phase Margin = ZKH (wy ) - (— 180° )= ZKH(wgy )+180°

The worst - case phase margin is when K =1,

and is often an amplifier design spec. 0 —

L
o (log scale)

Worst - Case Phase Margin = ZH (@ )+180° o

Worst - Case PM = ZH(wy )+180° = —135° +180° = 45°
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20log|KH | 4
*
: : Original system is not stable
| / “p3 DGy > Opx
1 1 I
0 o ST L o
W1 Wpq Y\ log® Moving @, to a lower frequency
E causes a lower @y and allows stability
i :  logm
o : :
-180 |----------mmmeeeeee i

» Phase margin can be improved by moving wgy closer to
~origin while maintaining wpy, unchanged.
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v [(gmz’”oz’”()ngm3”03”04)]CB
1

n) =
pou (’” 05 H” 06 )Cout

comp 1S added to lower the dominant pole so that wgy
occurs at a lower frequency than before, which means
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20|og|KH|‘

Assumed that ogy < @,

> 1) We identify a PM, then -180°+PM gives us the new wgy, or wpy,.

» 2) On the magnitude plot at wp,,, we extrapolate up with a slope
~ of +20dB/dec until we hit the low frequency gain then we look
“down” and the frequency we see is our new dominant pole, wy’.
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=
M (log scale)

[
M (log scale)

o :
1< T
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> To save chip area, Miller multiplication of a smaller
. capacitance creates an equivalent effect.

...................................................................................................................................................................................................................................................................................................................
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Agenda

e Feedback Overview

e Feedback Properties

o Amplifier Types

e Sense and Return Techniques

e Feedback Polarity

e Feedback Topologies

o Effect of Nonideal I/O Impedances
e Stability

e Two-Stage Miller OTA



Two-Stage Miller OTA — DC Gain

VDD

s

20 grat

Vi_o—||: M, M, j|—ovi+

vs ]| I

Mg

=

s+ 807 ) (802 +80s)&os +207)

802 + 8o4
AVDC — _GmRout
1
R =
- R
Ems&

802 + o4
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Two-Stage Miller OTA — Frequency Response

e Stage 1 is a differential amplifier with
an active load

e Stage 2 is a common-source amplifier
with a large miller capacitor

e Using a Thevenin equivalent for Stage
1, we can use the common-source
equations from Lecture 6
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Two-Stage Miller OTA — Frequency Response

Veo [ M

e The amplifier should be designed to

yield one dominant pole, so we use the Anli —V
dominant pole approximation equations = Rout2 —C.
Lecture 6, Slide 44 Neglecting Transistor Capacitances % 1
1 1 - -
‘wpl‘ =

Routl (1 + ngRoutZ )CC + Rout2 (CC + CL) RoutlngRoutZCC

— Routl (1 + ngRoutZ )CC + Rout2 (CC + CL) ~ Ems
RouthoutZCCCL CL

Where Routl = ]"02”7"04 and Routz = 7"07“]"08 114
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Two-Stage Miller OTA — Unity Gain Frequency

V Aypc

The Two -Stage Miller OTA has the following transfer function

|

—(s)=H(s)=
Vi S S
l-—— | [ —
a)pl a)pz
v 1
where (@, = — and @, = _5m8
RoutlngRout2 CC CL
20log|Hl For a well - designed dominant - pole amplifer, the unity - gain frequency is
20log|Avpc|
1
wcx = Aypc|@p1| = EmaRoun&msR zz(
‘ g ‘ e e Routlgm8R0ut2CC
Em2
) — Zts
0 GX CC

t >
Ot o (log scale)

-90

-180 -

® (iog scale)
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Two-Stage Miller OTA — Phase Margin

The worst - case phase margin (f =1)

[ me
S| PM = ZH(wgy )+180° =180° —tan™!| 26X, | tan™!| PGX |~ 90° — tan | X
oL ‘ ‘ ‘ ‘ ‘a)pz‘
Using tan™'(x)=90" —tan™"
Vs x
20log|H| , PM ~90° —
20log|Avpc| : wGX
PM ~tan™ ‘a) ‘ —tan_l(gm8 Cj
WDGx ngCL
T X : ® (iog scale)

Note: We are neglecting a right-

half plane (positive) zero that is

o(logscale) introduced with C., which can
potentially degrade the amplifier
stability

180 e We will talk more about this in 474
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Two-Stage Miller OTA — Example

Assume that for the first stage

gm2 = 05m7A and 7/'02 - 7’04 - 20kQ

and for the second stage

g :1om—VA, Iy =rpg =10kQ, and C, =1pF

: 1. What should C- be for f;, =500MHz?
e ]' mA
g
Wy =212 = =27(500MHz)= C, =159
Vel X =c T ¢, ( )= Cc IF
° Again, we are neglecting a 2. What is fpl,fpz,and the phase margin?
right-half plane (positive) 1

fplz

. . =2MHz
zero, which can potentially

degrade the amplifier stability

27[R0ut1gm8R0ut2CC IOkQ)(IO) SkQ 159fF)

o _ 8Ems 10
Ce f,=25m — V __159GHz
s P27 2aC 27(1pF)
e Thisis OK, as long as C- << C, L

e More about this in 474 PM = tan_l[@J = tan_l(%) =72.5°
Jox 500MHz
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Next Time

e Output Stages and Power Amplifiers
» Razavi Chapter 14



