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@ Basics

@ Negative feedback amplifier basics
@ Negative feedback amplifier realization

@ Stability and compensation

@ Stability in Negative Feedback Systems
@ Dominant pole frequency compensation

@ Feedback around transistors
@ Negative Feedback for Bias Stabilization
@ Negative Feedback in Single Transistor Circuits
@ CMOS opamps—1, 2, and 3 stages
@ Amplifier Nonlinearity in Negative Feedback Systems
@ Case studies

@ A 7X Programmable 5" Order Active-RC Filter
@ Lead lag compensation
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Negative feedback amplifier basics
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Goals

V. KV,

Realize an amplifier with a gain k using negative feedback
@ with a high gain accuracy
@ with a high speed
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Negative feedback

Vi
— | Compare Drive V, Vo
> intheright —————
- kV; and V, direction !
i |
! "sense" V, :

Sense the difference between desired and actual output, and
drive the output in the right direction

@ Controlling the speed of a vehicle
@ Controlling the volume of an audio player
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Speed control

Desired
speed S;
Compare Se Increase or So
> —T—
. S;and S, decrease S,

"sense" S, (look at the speedometer)

@ Input: Desired speed
@ Sense: Speedometer reading
@ Drive: Proportional to the difference
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Speed control-driving block behavior

Desired
speed S;
Compare Se Increase or So
————
- S;and S, decrease S,

"sense" S, (look at the speedometer)

Se (constant error)

t |

@ Output ramps up for constant error
@ Ramp rate proportional to error
Integrate the error Se to drive the output
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Integrator in the forward path

Error
kV-V,

Y

Integrator ————>

Vi "sense" V,

@ At steady state, V; = V; (constant input V;)
@ Zero steady state error
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Negative feedback amplifier using an integrator

@ Zero steady state error for constant inputs: Vi = V;
@ For an amplifier of gain k, Vo = kV; = use V; =V, /k
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Integrator: Time domain

Vo V]
47 | V=1V .
Ve ] wujdt | Vo= %fVe dt :2% w, = 10° rad/s
It @, = 2.5x10° rad/s
T3 54 sl

@ Described by a single parameter wy
@ Higher w, = faster integration
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Negative feedback amplifier using an integrator

Negative feedback amplifier, k=4, mu:w9 rad/s Negative feedback amplifier, k=4, ouu:109 rad/s
Input VI
45 ___Feedback V, 4.5r
4 ___Erorv, 4
35 3.5r
3 3r
2 2
o25 S 25F
> >
2 2r
15 1.5
1 ir
Ideal output av,
0.5 1 0.5 i —_Actual output V,
0 ; n 0 ; ; ;
0 1 2 3 4 5 6 0 1 2 3 4 5 6
time [ns] time [ns]

@ Error reduces as feedback Vi ramps up
@ Reduced error slows the rate of output ramp
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Negative feedback amplifier: Constant input

Negative feedback amplifier, k=4, Lou:].o9 rad/s

5
451
V, . Ve W, I dt
_ Vi s |
%R |
15- _InputVi u
____ldeal output 4v,
= ' —— Initial condition=0V/|
0.5r, — Initial condition=2VH
— Initial condition=5V/|
00 i 2 3 : é 6
time [ns]
dv V
i - <Vi - ?0>
Wu Wy
Vo(t) = Vi (1 —exp(—=1t)) + Vo(0) exp(— 1)

@ Output exponentially approaches the steady state of kV;
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Integrator: Frequency domain

/jw
oo/l w,=10%rad/s
-20dB/decade ©,=2.5x10° rad/s

—]
~

v @ | V= LVe o o0 1o 209
S

[rad/s]
<wfjw
107 108 10°
) w(log)
~T2 [rad/s]

@ Described by a single parameter wy
@ wy: “unity gain frequency”
@ Higher wy = higher gain magnitude for all frequencies
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Integrator: Summary

Vo V]
41 |Ve=1v
_ 1 w, = 10° rad/s
Ve .| g, jdt V, = w, jve dt 2 b
1 @, = 2.5x10° rad/s
12 54 —thdl
[wfjo]
V(S) % | V()= 2+ Ve(s) -20dB/decade
1|o7 108 109 W (IOg)

[rad/s]

Nagendra Krishnapura Shanthi Pavan

Negative Feedback System and Circuit Design



Negative feedback amplifier: Frequency domain

Negative feedback amplifier, k=4, <;Ju=109 rad/s

Negative feedback amplifier, k=4, wu:mg rad/s

1 10
08t °
3
2,0
0.6t 20l
&
0.4t g
& 02f 107 .
2 =
E 10° 107 10° 10*
5 0
3 9ol  Poleat-250Mradis o
-0.4t
3
-0.6t £ 0
o
-0.8t
1 -100 ; :
El ~05 0 05 1 102 100 o 0t
o [Grad/s] [Grads]

Vo(s) = %(vi—%>

<
o
—

72}
~

~

@ First order response; DC gain = k, pole at w, /k
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Sinusoidal input

Negative feedback amplifier:

Vo(jw) _ k .

Vi(jw) 1+

K . Vo(jw) — _tan-1
Vi(jw) wu/K

@ dc gain: k (= desired value)
@ 3dB bandwidth: wy /k
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Negative feedback amplifier: Low frequency input

Volts
! | i |
A W N ek o kN w

Negative feedback amplifier, k=4, wu=109 rad/s

——input
——ideal output
——actual output]

Input at O,lw“/k

50 200 250

0 150
time [ns]
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Vo(jw)‘ _ k
Vi(jw)

L
=~

g = —tan?!
Vi(jw) wu/K

w

U.)u/k

Q

@ Nearly ideal behavior
@ Gaink, delay k /wy
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Negative feedback amplifier: High frequency input

Negative feedback amplifier, k=4, m“:mg rad/s Vl (J (.A)) 1 + w 2
¢ ——input Wu /k
3t ——ideal output
——actual output w
2b ~ .
Wu
1k
g, Vo(jw) 1
E L—= = —tan
o Vi(jw) wa/K
ok Input at 10mulk e
4l ~ 2
b 05 1 15 2 25
time [ns]

@ Attenuated output
@ Nearly 90° phase lag
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Negative feedback amplifier: Summary

@ Integrate the error V; — V,/k to drive the output

@ Ideal steady state output for constant inputs

@ Nearly ideal output for “slow” inputs; constant delay k /wy
@ Attenuated output for “fast” inputs; large phase lag
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Negative feedback amplifier: Effect of wy

Negative feedback amplifier, k=4, u)uzll)g, 4x10° rad/s

w =4Grad/s

i muzlGrad/s

0 1 2 3 4 5
time [ns]

@ Time constant: K /wy

Magnitude

o .

5 5
/

Phase

Negative feedback amplifier, k=4, & =10°, 4x10° rads

w

@ =1Gradj
u

-2 = o

0 10 10

o

\u@ad/s
-50) \
@ =1Gral
3

-100

107 107" 10° 10

w [Grad/s]

@ Higher w, = Faster response

@ Bandwidth: wy/k

/s

1

@ Higher w, = Desired gain over a wider frequency range
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Negative feedback amplifier: Effect of k

Negative feedback amplifier, k={4, 2}, t,=10° rad/s Negative feedback amplifier, k={4, 2}, 13 =10° rad/s
5 10t
4.5 i &4 |
SN 4
4 [EIR IS U ™
35 t k= {
3 - Y|
2 3 107 10° 10'
S 25
>
2 T
1.5 ‘\\
N
1 k=4 \
~
09 e
-100
% 5 10 15 20 25 10° 10" 10° 10'
time [ns] w [Grad/s]

@ Higher k = longer time to reach steady state
@ Gain bandwidth product: wy

@ Bandwidth: wy/k

@ Higher k = Smaller bandwidth
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#1: k = 4, bandwidth fzgg = 100 MHz.
@ Bandwidth (in rad/s) = wy /k = 27fgs

@ Require an integrator with w, = 87 x 100 Mrad/s
= 2.514 Grad/s

#2: k = 4, 99% settling time 75 = 20ns
@ Require an integrator with w, = 2k In(10)/7s = 0.92 Grad/s

(These numbers apply only to the configuration shown in the above figure)
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Feedback system and loop gain

Vo
G(s)
H(s)
Vo(S) _ G(s) _ 1 1
Vi(s) 1+ G(s)H(s) H(s)1+m
1
~ — GH 1
O
~ G(s) |IGH| < 1

@ Loop gain L(s) = G(s)H(s)
@ Feedback effectively broken when [L| < 1 .V, /V; = G(s)

Nagendra Krishnapura Shanthi Pavan Negative Feedback System and Circuit Design



Feedback system and loop gain

Vi . Ve wufdt Vo Vi > fi\ Ve % Vo

: %(k—l)R -

Vi \

R 1
==

= | Vi(s) = ay/ks Ve(s)
Wu .

L(s) = — Loop gain

(8) = iq J¢
Wy . .
Wuloop = - Unity loop gain frequency

@ Nearly ideal behavior below wy joop
@ Nonideal behavior above wy joop
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Feedback system and loop gain

mag
A k=4
Vi e afat v, 'GHU“’”‘\
* m Io
f
mag
R
= Lo IGHI+GH)]
’ 107 wu loop W (IOg)
v, 3 v, @, A =w,/k [rad/s]
S S mag
Vi
K |G/(l+GH)|
1 ] A
* Wygp= 0~ w(l0g)
10’ Bwump 0% radss)
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Feedback system and loop gain

@ 3 dB bandwidth = wy j00p, the unity loop gain frequency
@ In general closed loop system bandwidth (region of ideal
behavior) comprises regions of high loop gain
For our amplifier
@ Unity loop gain frequency wy joop = wu/K
@ wy loop IS NOt always wy divided by the closed loop gain k!
@ wy Joop IS the unity gain frequency of G(s)H(s)
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Inverting amplifier

<
<
x~
-

oo LR RO e 4
(k-1)R
1
V. k
L[ Vi(s) = ks V(o)
Vo k-1
Vi 1+ 0.157
Wu .
L(s) = — Loop gain
(8) = 1o pg
Wy loop = % Unity loop gain frequency

@ wy l00p depends on the feedback factor, not the closed loop
gain
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Inverting amplifier

=
=

7\—‘.

V\
V(s) = wy/ks V(s)

@ Loop gain, stability are properties of the loop
@ Transfer function depends on the input/output locations
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Negative feedback: Integrator vs. high gain amplifier

: + w“Jdt : +
v (k-1)R Kﬁ/f

@ Easily related to intuitive notion of feedback
@ Incorporates delay/finite bandwidth
@ |deal behaviour for constant inputs

@ All feedback systems have “integrator-like” behaviour over
some range

@ wy = oo: ldeal behavior for all frequencies

Nagendra Krishnapura Shanthi Pavan Negative Feedback System and Circuit Design



Negative feedback amplifier realization

Nagendra Krishnapura Shanthi Pavan Negative Feedback System and Circuit Design



Negative feedback amplifier: Realization

@ Difference input to sense V; — V;
@ Integration using Gy, — C; wy = G, /C
@ Buffer to isolate the load
Combination of differencing and integration: opamp
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Operational amplifier (opamp)

I
Iaate

Combination of differencing and integration: opamp
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Integrator: Finite dc gain

G.Ve R, C v,
J_ N — Ve Ao Vo
<D 1 Vi 10 N 1+sAJa,
L
GmRo
Vo(s) = ——————Ve(s
o(S) 1+SCRoe()
1
= Ve(s)
Gon T GaRo
1
~ s 1 Ve(s)
wy T Ao

@ Controlled current source has a finite output resistance R,
@ Finite dc gain A, = GmRo
@ Pole at —w, /A, instead of the origin
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Negative feedback amplifier: Finite dc gain

@ Non zero steady state error for a constant input

@ DC gain: k/(1+ k/Ao)

@ Relative error inversely proportional to dc loop gain A /k
@ Pole: wy/k(1+k/Ao) ~ wy/k
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#1: k =4, error 6 = 1%
@ k/(1+k/As) =k(1-19)
@ k/A, ~ 4§ =0.01
@ Need an opamp with a dc gain A, = 400
@ Larger A, required for higher accuracy
@ Larger A, required for higher gain k

(These numbers apply only to the configuration shown in the above figure)
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Negative feedback amplifier: Increasing gain accuracy

@ DCgain: k/(1+k/Ao)
@ Increase dc loop gain to increase gain accuracy
@ Limited GnR, = Cascade many stages
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Two stages in cascade

Ve | A1 R Y
1+ s/p; 1+ s/p,

A=AA,

@ DC gain Ag = G1Ro1Gm2Ro2
@ Two poles at —p; = —1/R,1Cy, —p2 = —1/Ro2C>
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Two stage amplifier in negative feedback

A Az Vo

Vi Ve
S 1+slp, 1+slp, (DR
i
A=A, %R

Vo _ K
Vi k 1, 1) k 2k
e O CR L RT
, k
dcgain m A, much larger than before
1+ 4

1 [k P2 p1> :
= /= “ 4./ = Damping factor
¢ = 2\ A <\/ pr Vb Ping
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Two stage amplifier in negative feedback

V, Ve A A, Vo

+ 1+slp, 1+slp,
- (k-1)R
Vi

%R

1 [k P2 p1> ,
= ./ — =4, = Damping factor
¢ 2\/Ao(\/p1 i Ping

@ Higher A, /k = reduced steady state error

@ Small damping factor for large Ao, /k—Lot of ringing

@ Damping factor increased by increasing the ratio p,/p;
@ Poles well separated = less ringing
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Two stage amplifier in negative feedback

Negotive feedbock systems with A@=100, beto=1

1st order U] 2nd order lz]
2.0 1 bit="/out<1>"VI("/out< 1:3>) 2@ =i bit="/0ut<2>"VT(/out< 1:3>")
1.8 1.8
1.6 1.6 n
1,4 1.4 H
1.2 1.2 \ ﬂ
I
S e ) N
Z - U v V
i
600m / 600m| \)
U
400m / 40@m
20@m) / 200m
0.0 0.9

.00 5@.0n 100n 0.0

5.0u 10u
time ( 5 ) time (s )
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Three stage amplifier in negative feedback

V, Ve A A A V,
Y 1+sl/p, 1+slp, 1+sl/p, (DR
Vi
3
Vo k
V. K s k s2k | 3k
Vi L4 a +35m T 302A + in

@ Amplifier has 3 poles at —p;
@ Poles at 4j+/3p; for Ay /k = 8
@ Instability for A, /k > 8, but require much larger values!
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Three stage amplifier in negative feedback
20 = VI("/out<3>") 3

12 VT("/out<3>")

|
T oo umu“h“\\_\“q‘M‘H ‘\“ “ ‘

‘ T oo
H :
M‘ ‘\ H

2.0




Realizing accurate amplifiers: Problem

@ Large A, /k required for high accuracy

@ Stage A, limited by finite R,

@ Larger A, from cascaded stages, but . .. low damping,
ringing, instability
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Realizing accurate amplifiers: Remedy

1 ]k /P2 /pl) -
= .= Z /= Damping factor
¢ 2\ Ao ( P1 P2 Ping

Results from two cascaded stages provides a possible way out
@ Move the poles apart
@ Ratio of poles should be ~ A, /k (damping factor around 1)
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For a damping factor of v/2
Vi Ve A A,

Vo
+ 1+slp, 1+slp,
- (k-1)R
Vi

%

N
Il
N| =
Fl=
7N
2|5
+
'O|'D
N =
SN—
|
N
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Multiple poles: Frequency domain view

Vo(s) . G(s)
Vi(s)  1+G(s)H(s)
1 1

@ Instability if loop gainL =GH = —1,i.e. |[L| =1 and

AL=—7
@ When GH has only poles and no zeros, instability if [L| > 1
and ZL = —7

@ Avoid this condition to ensure stability
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Single real pole: Bode plot

Single pole response
T

107 10° 10°
w (normalized to the pole frequency)

1%
1]
5 501
()
°
~100 . ; ;
10° 10° 10°
w (normalized to the pole frequency)
Magnitude:

@ Constant for frequencies less than the pole frequency

@ Rolloff for frequencies more than the pole frequency
Phase:

@ Phase change before and after the pole frequency

@ /4 = 45° lag at the pole frequency
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Poles close to each other

Single pole response Three pole response
40 40
2 20| 820
0| 0
107 10° 10° 107 ° 10°
w (normalized to the pole frequency) w (normalized to the pole frequency)
0 0
o
3 100 -90° at unity gajn § 100
= =3
€ 200 < -200 5
<230° at unity gain
-300! P 5 e -30 07 o 0
w (normalized to the pole frequency)  (normalized to the pole frequency)

@ With multiple poles close to each other, ZL drops off to or
below — before |L| rolls off to unity = instability

@ Risk of instability is worst when the loop gain is high and
poles are close to each other
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Poles far from each other

Three pole response

107 ° 10°
 (normalized to the pole frequency)

<230° at unity gain

107 o 2

10
 (normalized to the pole frequency)

dB

degrees

One pole at ~0.01, two poles at 1

40

20

-20

=) o 2
1

w (normalized to the pole frequency)

-100

-200

-300

-157° at unitfgain

= 0 100
 (normalized to the pole frequency)

@ With one pole at a much lower in frequency compared to
others, magnitude rolls off to unity before phase

approaches —x
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Stable negative feedback systems

One pole at —0.01, two poles at 1
T

L L
-2 0

10 10 10°
w (normalized to the pole frequency)
0

9 -100

o

2 -157° at unit in

© -200F

~300 ; . ;

107 10° 10°

w (normalized to the pole frequency)

@ One pole at a low frequency (*)
@ Remaining poles beyond the unity gain frequency
@ < 180° phase lag at the unity loop gain frequency

(*) This condition is sufficient, but not necessary
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Have “sufficient phase margin” for stability

One pole at -0.01, two poles at 1

0

10
w (normalized to the pole frequency)

10

phase margin

-2

10

0

w (normalized to the pole frequency)
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Stability in Negative Feedback Systems
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The Nyquist Criterion

@ The loop gain is G(s)H(s)
G(s)
1+G(s)H(s)

@ For stability, the closed loop poles must be in the Left Half
Plane (LHP).

@ The Nyquist Criterion : A technique to reliably predict the
number of closed loop poles in the RHP from G(s)H(s).

@ Closed loop transfer function is
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Preliminaries : Cauchy’s Principle of Argument
@ Consider a function F(s), a ratio of polynomials in s
@ Draw a closed contour in the s plane
@ The contour must not pass through any singular points

@ If the contour in the s-plane encloses one pole of F(s), the
locus of F(s) encircles the origin of the F(s) plane once in
the counterclockwise direction
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Preliminaries : Cauchy’s Principle of Argument

_ il
F(s)=¢5
2
5,
15} al
1 3
2,
05}
l,
of o x of
_l—
-05
_2—
_17 _37
~15} -4
_5—
_2 ! !
) 0 2 4 -2 0 2 4
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Preliminaries : Cauchy’s Principle of Argument

@ If the contour in the s-plane encloses one zero of F(s), the
locus of F(s) encircles the origin of the F(s) plane once in
the clockwise direction
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Preliminaries : Cauchy’s Principle of Argument

_ s+1
F(s) =35
2
5,
1.5¢ al
1 37
2,
0.5
1,
of o x ot O
_1,
-0.5
_2,
_1 _37
-1.5¢f -4
_5,
_2 L L L L
=2 0 2 4 -2 0 2 4
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Preliminaries : Cauchy’s Principle of Argument

@ If the contour in the s-plane encloses one pole and one
zero of F(s), the locus of F(s) does not encircle the origin
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Preliminaries : Cauchy’s Principle of Argument

_ il
F(s)=¢5
2
5,
15} al
1 3
2,
05
l,
of o x of
_l—
-05
_2—
_1 _37
~15} -4
_5—
_2 ! !
) 0 2 4 -2 0 2 4
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Summary : Cauchy’s Principle of Argument

@ If the contour in the s-plane encloses N poles and M zeros
of F(s), the locus of F(s) encircle the origin (N - M) times
in the counter-clockwise direction
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Example

F (S) = (S—S;Ei—l)

2
3,
1.5¢
ot
1
0.5 ol
0 e} X X 0
-0.5
-1t
-1
-2t
-1.5¢
-2 -3t
-2 0 2 4 -2 -1 0 1
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The Nyquist Criterion

@ Want to find if the poles of the closed loop system are in
the RHP

Closed loop poles are the roots of 1 + G(s)H(s) =0

In other words, closed loop poles are the zeros of

1+ G(s)H(s)

In circuit work, the open loop system is always stable
= The poles of the open loop system are the the LHP
The poles of 1 + G(s)H(s) and G(s)H(s) are the same
= 1+ G(s)H(s) has poles in the LHP
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The Nyquist Criterion
@ Apply Cauchy’s Principle to F(s) = 1 + G(s)H(s)
@ F(s) has poles in the LHP

@ Apply Cauchy’s Principle to find the location of the zeros of
F(s)
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The Nyquist Criterion
@ Travel along a countour that encloses the entire RHP

10

ot \

-2t jw axis
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The Nyquist Criterion

If F(s) has zeroes in the RHP, there will be encirclements
about the origin

Since F(s) has no poles in the RHP

number of encirclements = number of RHP zeros of F(s)
= number of RHP poles of the closed loop system

F (s) encircling the origin is equivalent to G(s)H(s)
encircling the point (-1,0)

Find the number of encirclements of G(jw)H (jw)
around the point (-1,0)
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Nyquist by Example
All Pole Systems
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First Order System : Unconditionally Stable

Nyquist Diagram

25

Imaginary Axis
o
+

Real Axis

G(s)H(s) = g+, K =1,2,5
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Second Order System : Unconditionally Stable

4 . . Nyquist P\agram

Imaginary Axis
o
+

-2 0 2 4 6

Real Axis
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Third Order System : Conditionally Stable

Nyquist Diagram

Imaginary Axis
o

-2 -1 0 1 2

Real Axis
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All-pole Loop Gain Summary

First & second order systems are unconditionally stable
Third and higher order systems are conditionally stable
Magnitude and phase are monotonically decreasing

= With a sufficiently large gain, will become unstable
Example : Third order system becomes unstable for K > 8

This intuition (wrongly) applied to other systems can cause
confusion
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Question

The loop gain of a feedback amplifier has a magnitude greater
than 1, and a phase lag larger than 180 degrees. Is it possible
that the closed loop system is stable ?

Bode Diagram

Ny
o
=)

Magnitude (dB)
B R
o a
S o

al
o

o

Il
()}
(=)

Phase (deg)

| | |

N R e
N O W
a S O«

-270 X : -,
10 10 10 10 10

Frequency (rad/sec)
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Answer : ?

Example : G(s)H(s) = 35;‘?” where § — 0

Closed loop poles the roots of s3 + 3s2 + 4s + 2
Polesareat —1, -1+

Phase lag @ DC is 0°

Phase lag @ low frequencies is 270°

Magnitude @ low frequencies >> 1
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The Nyquist Plot

Nyquist Diagram

Imaginary Axis
o
+

%0 -80 -70 -60 -50 -40 -30 -20 -10 0

Real Axis

@ Phase crosses 180° twice

@ There is no encirclement of (-1,0)
@ = There are no RHP poles

@ System is stable !
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Common Misconception |

@ Statement :If the magnitude is greater than 0 dB and the
phase lag is greater than 180° = instability

@ True only for all pole G(s)H(s)

@ Incorrect when the loop gain has zeros
(as demonstrated by the example in the previous slides)
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Question

| have a feedback system on the verge of instability. | now
increase the loop gain by a factor K > 1. The closed loop
system becomes nice and stable. Is this possible ?

| have a stable feedback system. | now decrease the loop gain
by a factor K > 1. The closed loop system starts oscillating. Is
this possible ?
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The Nyquist Plot

6 Nyquist Diagram

Imaginary Axis
o

-4t

-6 I I I I I I I I
-180 -160 -140 -120 -100 -80 -60 -40 -20 0

Real Axis

@ Plot for high gain does not encircle (-1,0)
@ System is “more” stable !
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The Nyquist Plot

Nyquist Diagram

0.2

Imaginary Axis

-4 -35 -3 -25 -2 -15 -1 -0.5 0

Real Axis

@ Plot for low gain encircles (-1,0) twice
@ = There are two RHP poles
@ System is unstable !
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Common Misconception |l

@ Statement : Increasing gain is bad news for stability
or reducing loop gain improves stability

@ True only for all pole G(s)H(s)

@ Incorrect when the loop gain has zeros
(as demonstrated by the examples in the previous slides)

@ These “anomalies” can be explained by the Nyquist plot
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Closing Comments on Stability and Phase Margin

@ For stability, the magnitude plot must have a slope of 20dB
per decade around the unity gain frequency.

@ There can be any number of poles to the left or right of the
unity gain cross over, and the system will be stable as long
as these poles are sufficiently far away from the cross over
frequency

@ The phase margin is a valuable metric to assess stability
even in high order systems

@ To stabilize a high order system, it must be made to “look”
like a first order system at and around its unit gain cross
over point
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Dominant pole frequency compensation
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Dominant pole frequency compensation

Modify the frequency response such that there is
@ One pole at a low frequency
@ Remaining poles beyond the unity loop gain frequency
@ wy joop ~ (Ao/K)|p1|, where p; is the dominant pole
@ 20 dB/decade rolloff at unity loop gain

This condition is sufficient, but not necessary
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Two pole example

Damping factor of 1/v/2

N
%

NI NP

S~ N 7 N
I

N—

A
p2 = 2 (:(pl :Zwu,loop
ém = 90° —tan~?! u;loop
P2
= 63.5°
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Two pole example

Phase margin of 60°

—90° — tan~ 1 “loop
p2

Wu,loop

p2
P2

¢

—120°

V3
\/§Wu ,loop

V3

0.66
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Dependence of stability on feedback factor

Ag—

r wy I dt
- v, % (k-1R
A%R IG(S)ls=jeo
[ P2 pé\

unstable

stable

IG(S)H(S)s=ieo

N
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Unity gain compensation

Vo |G(S)|s:jm

D o .
y (k-1R 0

%R P2 P3
0y N

W, v, IG(SH(S)ls=ie

s Ao—ﬂincreasing k; always stable

1 P2 P3

K 0y \\

@ Variable feedback factor: compensate for lowest k

@ General purpose opamps: unity gain compensated
@ e.g.: LM741, LF356, OPA656
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Why not always compensate for unity gain?

Vi Ve (*)ujdt Vo |G(S)H(S)|s=jw
3
R Ay —]
%&MR
Vi
Aglk —
Wy (‘)u,loo
- non dominant poles

very far from w, jo0p

Y, IG(S)H(S)ls=ieo
o
Ay — unstable for k=1
but OK
Ag/k —
: P2Rs
Wy wu.loop \

non dominant poles
far enough from @, 40p

@ Sub optimal bandwidth for non unity feedback
@ Compensate only for the required feedback factor
@ OPA657: compensated for feedback factors < 1/8
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Two stage amplifier example

V. 1mS 10uS 100fF 4mS 40uS 400fF v
| o]
+
Vi 1 1
. £

Stage 1 Stage 2

gain=100 gain=100

pole @ -10%rad/s pole @ -10%rad/s

@ DC gain A, = 10*(80dB)
@ Two poles at —108 rad/s
@ Insufficient phase margin
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Dominant pole compensation

1mS 10uS 2nF 4mS 40uS 400fF

4? % T 4? % T <?
Stagel Stagez
gain=100 gain=100

pole @ -5*10%ad/s  pole @ -10%rad/s

@ Move one of the poles to —5 x 103 rad/s

@ Other pole remains at the original frequency

@ Unity gain frequency wy = 5 x 107 rad/s = |p,|/2
@ 2nF compensation capacitor: too large on an IC
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Miller effect

SCo(L+A)V,

VX

-AV,

f i SC(1+1/AV,

1
Ca(148)
1

f C,(1+1/A)

(amplifier: ideal voltage controlled voltage source)

@ 2nF can be realized using 20 pF across a gain of 100
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Miller compensated amplifier

1mS 10uS 100fF|  4msS |40pS 400fF

Stage 1 Stage 2
gain=100 gain=100
pole @ -5x10°rad/s  pole @ ???

@ Dominant pole at 5 x 10° rad/s

@ Simulated frequency response does not show the second
pole at —108 rad/s
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Miller compensated amplifier-analysis

C.
[l
Il
Vi G'ml Rol Cl Gm2 ROZ C2 V0
v T T
L L
Cc
Vo _ o 1-dn
Ve ° 1+a;s+ 3282
Ao = GmiRo1Gm2Ro2
C]_ Cc <Gm2 G01> C2
a = + +14 =)+ ==
! Gol Gol Goz Goz Goz
g, — Ci1CctCeCo+CoCy
2 GolGoz
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Approximate solution to a quadratic equation

a,s’+a;s+1 = 0
aip1+1 = O

2
\
|

P1

L
o

ang +aipx

po = ——

L

@ Works for widely separated (real) poles i.e. |p2| > |p1]
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Miller compensated amplifier-analysis

Ce
[l
Il
Vi G‘ml ol G‘m2 02
+
Vf -
= e
G
P~ ol

Cl +Ce (sz +14+ Gol>

p . Cc (Gm2 + Gol + GOZ) + CZGol + ClGoz
2 CiCc + CcCy + C,Cy

| cGne + G + 25G

C.C;
Cc +C1 + CZ

&
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Miller compensated amplifier-analysis

C

[l
Il
Gm2 ROZ C2 V0

Rol
e
Without CC With C.¢

Gol Gol
Pr = ——— p1 =

gl G+ G (Gm2+1+G°1)

— _ o2
P2 = C, 0, ~ G +016m2 + Go2 + ccigiGol
~ C.C
Cc+él + C2
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Miller compensated amplifier: pole splitting

I

I
Vi Gml Rol Cl GmZ R02 CZ V0
' L L
Ve 1.0
vi <> % 1 <> % 1 ¢
e T

@ p; moves to a lower frequency

@ p, moves to a higher frequency

@ Right half plane zero z; = Gy, /C.; additional phase lag;
reduced phase margin

@ Unity gain frequency has to be lower than the modified p,
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Intuitive explanation

C

C
-G, nR,,V,
C+Co(1+GRy0) Moz
‘ C, Gm2 | Roz V,
. ‘ ‘

V. S

X

‘W

Kel

Gull(CLI/N(CH+Cy)

\
| v

[C/(Ce+C1)Grmal Vi

Cy
+ :

CHCHCYVy ==

Ll
N

16

@ Input capacitance increased due to miller multiplication

@ Output conductance increased due to feedback around
sz
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Intuitive explanation

C(miller multiplied)
f

Il
Rol C1 Gm2 Roz CZ

Gy v,
ELIEIMITIT

+

1st stage output pole p; ~ -1/[Ry1(C;+C(1+G,5R,1))]

Ce
|
I

I
I
Vi ol C':'m2

ESIEMETINT

2nd stage output pole p, ~ -[G2(C/(C1+C)+G,)/[C,+C.Cq/(C+Cy)]
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Output pole frequency

C. ~ashort

ol sz R02 C2

WP ET QEIT o

2" stage output pole p, ~ -G,,,,/(C,+C.)

@ Crude approximation: p,— ~ Gn2/(C1 + C3)
@ Works when C; > C;
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Unity gain frequency

G1/sC. Ve
- +
[l
v, II'C
ml Gm2 02

~ 0 1.0
¢ ml% T ¢ % T ¢
. £

If one pole is dominant
Ao’p1|
= Gm1Ro1Gm2Ro2

%

Wy
Gol

Cr+Ce (&2 +1+82)

Gm]_ Gml

— ~

CC (1 GOZ + Gol) +Clg:122 CC
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Right half plane zero

ov

SC,V,4 GV \ SC0
Ce
+ v, - +q -

+ ‘ +
[ Guat, Vel =0 2 ¢@V VelS)lser, = 0
. ) 1 )

@ s=z,, the zero frequency @ s=z,, the zero frequency

@ Zero at G /C¢
@ Zero moves to oo for R = 1/Gp

Negative Feedback
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Tuning the zero

R. C.
v, Gm Ro G Gm: R G Vv
EEIER I EIT

gyl

@ Zero can be moved to oo or to LHP to cancel a non
dominant pole

@ Third order system-extra pole
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Calculations

Wy

P2

@ C; > C4 is not valid

1

Eszcl +Cy

250fF

Gml
c

Gm2
C1+GC,

= 4 Grad/s

= 8 Grad/s

@ Refine the values using exact calculations/simulations
@ Use Ry = 1/Gp,, = 25012 to cancel the RHP zero

Nagendra Krishnapura Shanthi Pavan
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Calculations

2500 25(|)fF_
V, 1mS 10uS 100fF 4mS |40uS 400fF
i6it il &
v, ° e
. *
withRe |  WwoRe
DC gain 10%
Poles —3.92 x 10° | —3.92 x 10° | rad/s
—6.88 x 10° | —6.19 x 10° | rad/s
—5.93 x 1010 — rad/s
Zeros 00 +1.6 x 1010 | rad/s
wy 3.49 x 1019 | 3.49 x 100 | rad/s
Phase margin 60° 48°
(unity feedback)
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Negative Feedback for Bias Stabilization
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The Bias Stabilization Problem Determine the Vgg that | should
apply to a MOS transistor (operating in saturation) so that the
drain current Ip = lyef.
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Bias Stabilization
... involves the following tasks ....
@ Measure the quiescent current

@ Compare it with a reference current
@ Kick the Vgg in the right direction

... 0k, so how many ways can we do this ?

@ In a MOSFET, Ip = Is = can measure quiescent current in
two ways.

@ Varying Vgs = can be done in atleast two ways : keep Vg
fixed & vary Vg, or viceversa.

... atleast four ways of stabilizing bias current.
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Basic Idea

Think : What will | doin alab ?
oVdd

@ Apply an arbitrary gate-source
@ voltage.

@ Measure Ip using an ammeter.
@ Compare Ip with lye.

4{[ lID @ If Ip > li¢f, the applied Vgs is
—

too high, reduce it.

@ If Ip < lief, the applied Vgs is
too low, increase it.
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Comparing Currents Without an Ammeter

Nagendra Krishnapura Shanthi Pavan

Monitor Vy.

If Vi increases with time,
means |l > Ip.

If Vi decreases with time,
means let < Ip.

If I > lef, OF equivalently, if
Vy decreases = the applied
Vgs is too high, reduce it.

If Ip < lef, OF equivalently, if
Vy increases = the applied
Vgs IS too low, increase it.

Negative Feedback System and Circuit Design



Final Circuit
Vdd

@ The simple “diode-connected”
transistor is a negative
feedback system in disguise !

@ Drain current is measured,
and the Vgg is changed by
keeping Vg fixed and varying
Vg.
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Measuring Current in the Source

Vvdd .
@ Apply an arbitrary gate-source

voltage.
@ Measure Ig using an ammeter.

4{ lls @ Compare Ig with I gf.
b @ If Is > I,¢f, the applied Vgs is
too high, reduce it.

@ If Ig < lef, the applied Vgs is
A4 too low, increase it.
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Comparing Currents Without an Ammeter

@ Monitor Vy.

Vdd @ If Vy increases with time,
means lg > ligf.

@ If Vi decreases with time,
Vo l|s means lg < .
@ If I > lef, Or equivalently, if
Vy increases = the applied
lres Vgs is too high, reduce it.

@ If Ig < lef, OFr equivalently, if
Vy decreases = the applied
Vs is too low, increase it.
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Final Circuit
oVdd

@ Source current is measured,
Vs °—{ [ and the Vgg is changed by
keeping V¢ fixed and varying

(+ Iref Vs:
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Bias Stabilization : Measure Ip & Vary Vg

oVdd

@

VGO_{E

Nagendra Krishnapura Shanthi Pavan

@ Keep Vg fixed, apply an
arbitrary source voltage.
Measure Ip using an ammeter.
Compare Ip with lye.

If I > lef, the applied Vgs is
too high, increase Vs.

If Ip < lef, the applied Vgs is
too low, decrease Vs.
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Comparing Currents Without an Ammeter

vdd @ Monitor V.
@ If Vy increases with time,
lyof means liet > Ip.

@ If Vi decreases with time,
V, means lef < Ip.
Vv I @ If Ip < e, OF equivalently, if
¢ l D Vy increases = the applied
Vgs is too high, increase Vs.
Vs @ If Ip > l,ef, Or equivalently, if
Vy decreases = the applied
Vgs is too low, decrease Vs.
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Final Circuit

vdd
|ref @ Drain current is
f Vv measured, and the
°Vref Vg is changed by
Vv I keeping Vg fixed
¢ l b and varying Vs.
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Final Circuit
Vdd

Iref
Vv @ Opamp signs
°Vref  come out

Vg l I automatically.
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Negative Feedback in Single Transistor
Circuits
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The Incremental MOSFET Equivalent Circuit

G + D o AMOSFET biased in

saturation is an incremental
Ves OmVes voltage controlled current
source

@ In principle, gm can be made
S as large as one wants

(o, o]
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Making an Incremental VCVS with Gain=1

How do you make a VCVS when all you have is a variable
current source ?

@ Want voyut = Vi
. @ Measure Vou
@ 1= +gm(vi'vout) .
@ Compareittoy;
Vjo— oV o _vaout < Vi, pump current
into Vout
% R, @ If vout > Vi, pump current
OUt Of Vout
-4 @ The current source is

controlled by (Vi — Vout)
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Identify the Transistor — Common Drain Stage

~ L

@ i ;gm(vi'vout) Vi O_{ |:

If gm — 00, Vout = Vi, Rout =0
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Make a VCCS with Transconductance of 1/R

How do you make a VCCS when all you have is a variable
current source ?

® Want oy = Vi/R

. @ Measure igtR, call it vy
@ lout = +gm(Vi'Vx)
@ Compare vy to v;

@ If vy < vj, pump current

V,o— ——oV, _
into R
% R @ If vy > vj, pump current
out of R

N @ The current source is
controlled by (v; — vy)
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Identify the Transistor — Transconductance Stage

Vio—H: l iy = VIR

If gm — o0, iout = Vi/R
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Make a CCCS with gain of 1

How do you make a CCCS when all you have is a variable
current source ?

@ Want igyt = iin
. @ Measure potential vy
@ lout = +gm(Vi'Vx)
@ Comparevy to 0
T oV, @ If vy <_0, iout IS 'Foo
— small, increase igt
' i @ If vy > 0, gyt is too big,

decrease igyt.

@ The current source is
controlled by (0 — vy)
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Identify the Transistor — Common Gate Stage

tonvew) L e

If gm — o0, iout = Vi/R
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Make a CCVS with transimpedance R

How do you make a CCVS when all you have is a variable
current source ?

@ Want vyt = iinR
Vout @ Measure Vot — iR, call
it vy
@ i = +g,\@ Compare vy to 0
@ If vy > 0, it means vy is
| too high, pump current
- out of vyt
@ If vy < 0, it means vot is
too low, pump current
into Vout

@ The current source is
controlled by vy
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Identify the Transistor — Transimpedance Stage

If gm — 00, Vout = inR
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CMOS implementations
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Negative feedback amplifier: Realization

v, GV, C
:
v T Ve P10
v, Gu Ry G Gwm Ry G
Vi

Nagendra Krishnapura Shanthi Pavan
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Buffers in CMOS

o

o

!

7 Vdd 7 Vdd
ZZ vy Z
A dd™ Vdsatp /
=
4 Vdd'Vdsatp'Vgsn
Y Vd tn Y Vdsatn
= ™ =
=, =,
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o Ro = rdsl||rd53HRL
[} C — Cp70ut + CL

Nagendra Krishnapura Shanthi Pavan

Single stage opamp

<
@
3
<
°
P
S

M; =M,
M, = M,
Q® Om = 0m1
® Ao = Om1Ro
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Single stage opamp

C
lout (S) _ gmll —l—Sﬁ
Ve(s) 1+ 39%33

@ Pole zero pair due to two
paths
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Single stage opamp-summary

dc gain Ao Om1/(9ds1 + Qds3)
Unity gain frequency wy | 9m1/(CL + Co)
Additional poles/zeros P2 = —0m3/Cs3

Z1 = —20m3/C3

@ Ao ~ Om/Jds

@ Increase dc gain by increasing L

@ A, limited to about 100

@ Increase phase margin by increasing C,
@ Not preferred with resistive loads
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Cascode transistor

gmardsardsb + rdsa + rdsb

|
Vbiasz : :
, ! Omb:Ydsb
: : dsa
Viiast ! !
'g

— compound transistor with
a high output resistance
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Telescopic cascode opamp
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Telescopic cascode opamp
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Telescopic cascode opamp-summary

A Om1
0
Ods19ds5/9ms + Ods3ds7/9m7
Wu = gml/(CL + Co)
P2 —0Om3/Cs
21 = —20m3/Cs
P3—6 ~ Omx/Cpx

Q

@ Ao ~ (9m/das)?

@ A, ~ 10* possible

@ Increase phase margin by increasing C,
@ Not preferred with resistive loads
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Folded cascode stage

ng!gc;ﬁ l—o—VbiaSZ

Vbias3

—|—| Oma:Ydsa gmé)vgdsb

compound transi;tor with gma(rdsa”rdsc)rdsb + (rdsa”rdsc) * Taso
a high output resistance
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Folded cascode opamp
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Folded cascode opamp

Vdd
V..
d) M91E| Mlo biasp2
1
Ms Ms Vbiaspl
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Folded cascode opamp-summary

Ao Om1
(Qds1 + 9ds9)9dss/9ms + Gds39ds7/Im7
Wy = gml/(CL + Co)
P2 —0Om3/Cs
Z3 = —29m3/Cs
P3—6 ~ Omx/Cpx

&

@ Ao ~ (9m/das)?

@ A, ~ 10* possible

@ Increase phase margin by increasing C,
@ Not preferred with resistive loads
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Two stage opamp

—m ™
v. - : }_‘ b Vo Gni = Omi
e

A | _
| Ro1 = Tds1||rds3
| Ty M G _
f ™o 1M1z m2 = Omi11
= = == Ro2 = Trdsi11||fas12/|RL
v, Gm Ra G G R Co C2 = Cpou+Co
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Two stage opamp with compensation

" F—@m
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Two stage opamp with compensation

d) M | @4

! I Myg
N (VP ’\] — Vo
Ve Ugm1 Cc

Ao = Om (rasillfas3) Oma1 (fasaa|lfas1a|[RL)  w, = %
_Cc c

Py = _gchgmll Ps = —O9ms/Cs
c\Y“ol
Cc+Co1 + CL Z, = _ngS/CS
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Two stage opamp design for a given C, wy

@ Choose gny11 such that gm11/CL > wy (say 2.5wy)
@ Choose gn1 and C¢ such that g1 /Ce = wy

@ Scale down g and C. until specs deteriorate (phase
margin, noise)

@ lterate with a different value of gn11 to reach an optimum
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Two stage opamp design for a given R, C, wy

@ Constraints for gm11

® Omi11/CL > wy (say 2.5wy)
@ gm11RL enough to reduce the first stage swing

@ Choose gn1 and Cc such that gm1/Ce = wy
@ Scale down gm1 and C. until specs deteriorate
@ lterate with a different value of gn11 to reach an optimum
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Two stage opamp design for an internal load and wy,

@ Assume an internal load (e.g. an identical stage)
@ Choose gn11 such that gm11/CL > wy (say 2.5wy)
@ Choose gn1 and C¢ such that g1 /Ce = wy

@ Scale down stages until specs deteriorate
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Two stage opamp design-obtaining dc gain

@ Second stage ~ min. length, esp. with heavy loads
@ Optimize first stage for dc gain (Lyos)
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Two stage opamp design-increasing dc gain

@ Use a telescopic cascode first stage
@ Ao ~ (gm/gds)3
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Three stage opamp
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Effect of loop gain

G(s) Yo G(s)
H(s) H(s)
Vo(s) G(s) Vo(s) _ _G(s)H(s)
Vi(s) 1+ G(s)H(s) Vi(s) 1+ G(s)H(s)
1__G(s)H(s) _ (). SEHE)
H(s) 1 + G(s)H(s) 1+ G(s)H(s)
1 1 B 1
_ = (1)—5—
H(S) 1+ s L+ sEne
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Effect of loop gain

VO
G(s) G(s)
H(s) H(s)
Vo(s)
= H; S
Vi(S) |deal( )1+%
Hideal(s) “—‘ >1
= Higeal (S)L(S) Ll <1
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Effect of loop gain

R
WV Vo

- w(log)
Ry
l WV V|
X5
-A(S)Vy VX_ T Wy loop
- I T (log)
Rf
I VWV [Vo/ls| pole at Wy loop
O L R —
— ,bW:(")u,Ioop
j w(log)
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Effect of loop gain

R

IVo/ls|

Ry

w (log)

l —/M
-A(S)Vy \72— p a \i Wyjoop P2 Ps
\\w (log)

[Vo/ls| pole at w, jo0p
poles at p,, p3

R —

(“)U',\oop plz F;B ('\)(IOQ)
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Three stages in cascade

Vi Gml Rol Cl sz 02 m3 RoS CS vV
o
+ +
Vi . 1 T
S . m
sz Roz Gm3 R03 C3 Vv
T [¢]
L T
||Cm2
il
GmZ 02 Gm3 03 Vv
two stage opamp rd o
with one dominant " _L _L
pole _
m m
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Frequency response of compensated last two stages

|| sz
Il
Gm2 Roz CZ Gm3 Ros C3 vV
“PFT PET
_ _l_ ——

IAGw)|

ng/CmZ
Om3/Cs
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Three stage opamp equivalent circuit

?Iml
Il V,/V.
Im1Vs VoVl
<o Yo
— [ ’ w(lo
- gmllcml ( g)
ﬁml
Il L)l o
g ¢
X4 L £ B
-A(S)Vy VX_ o o
= | '\i\w(log)
le
||
Il [Vo/ Vsl
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Three stage opamp

||Cm1
Il
pTTTTTTT T S |
- [|=m2 !
| I |
v, Gm Ru Ci| ! Gm Rp GC Gms |Roz  Cs |
1
7 1T is 17
W = T | T T
L as - |
cl:lml //
7 VoVl

— [ ’ : ’ w(lo
= gmlm\ (log)
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RHP zero cancellation

ol sz Roz CZ Gm3 R03 C3

EEEEIMEEM EET

@ Has two zeros
@ Approximate cancellation
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Three stage opamp design for a given C, wy

@ Compensate the last two stages using Cp»

GmS Gm2 Gm2

> ;
CL Cm2 Cm2

> wy

@ Compensate the opamp using Cy;

Gml
le

Wu

@ Scale down G,; and C,,; within constraints (noise, phase
margin)
@ Scale down G, and Cp,» within constraints (phase margin)
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Three stage opamp design for a given R, C, wy

G
_CT_3 > Wy

@ G 3R, sufficiently high to reduce internal swing
@ Remaining steps as before
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Three stage opamp design

@ Analytical expression very complicated—approximate
@ Use above approximation as the starting point

@ More optimization through simulation

@ Scale down G, C until constrained
@ Complex zeros may be better
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Three stage opamp for a 16b audio DAC

Specifications

Ao 100dB

Wy 1.75MHz

Rp 1kQ

CL 100 pF

Input ref. noise | 3 uV rms (100 Hz-24 kHz)

Output swing 15V

Vg 1.8V
Technology 0.18 um CMOS
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Three stage opamp for a 16b audio DAC

50pFII

1pF I

600pS1.5MQO. 5pF 200pS1.5MQ 1pF 3mS 1kQ [L0OpF

SRS SEIR ST
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Three stage opamp for a 16b audio DAC

“Gma

3 100F
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Three stage opamp for a 16b audio DAC

First-stage

Sacend-staga

BI0: 20001/ 1LY
M22, M25, M32,M33 : 100(14 L)
BT5, M7, M8, MET : 100(1.2/ 1)

MO : 300( 50250}
M38, M3 : 2001 1K)

N34, M35, M37, M38 : 280(0.5u).254)
W23, M2 : 20(0.24400. 1803

M7P, ME2 : T2(0 240, 181

D5, M27 1 0.4500.180
BT : 30(0.24u/0.18p)
M2E : T2(0.24/0.181)




Three stage opamp for a 16b audio DAC

Open Loop gain and phase

(&2
o
T

(=}
T

Open loop gain in

|
]
o

—
(@]

10 10"
Frequency

Phase in degree
Lok oLoL
(o) o (S} o (&)
(=) (=] (=] (=} (=}

T

—_
o

10 10°
Frequency
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Three stage opamp for a 16b audio DAC

Specification Value
Supply 1.8V (£5%)
Loading Condition 100 pF // 1 k2
Technology 0.18-pm CMOS
DC-gain 105 dB
Phase Margin 77.4°
UGF(MHz) 1.76
Output Swing 02<V,;: <16
Slew Rate +1V/us
THD @ 1 kHz input -96.65 dB
le 50 pF
Cmg 1 pF
Power (W) 349 W
Total Area 237%297 pm? (70389pm?)
Operational Amplifier Area 10109pm?
Compensation Capacitance Area 60280m?
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Amplifier Nonlinearity in Negative
Feedback Systems
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Nonlinearity in the Forward Amplifier

@ Transistor stages are used to realize high gain
Transistors are nonlinear = The forward amplifier is
nonlinear

@ Assume fully differential operation = only odd order
nonlinearity

@ Assume weak nonlinearity

@ The transfer curve is approximated as
Vout = Ay — agVy

@ Weak nonlinearity = Avy >> agvy
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Weak Nonlinearity

VO
AVe /
4 3

83Ve @ Difference between the output
of a linear amplifier with slope
A and the nonlinear amplifier

A is relatively small
Ve Vx
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What does nonlinearity do to Amplifiers ?
@ The transfer curve is Vout = Avyk — agVv
@ Assume the amplifier is excited with input Vimax sin(wt)
@ Vout & AVmay sin(wt) — 2V3,, sin(3wt)
@ HD3 ~ V2.,
@ What happens to distortion when this amplifier is
embedded in a feedback loop ?
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Nonlinear Forward Amplifier

Vi_»@v—e Av, - av,>

A —

Vo

What is vg versus v; ?
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Graphical Technique: The Linear Case
Mativation : A picture is worth a thousand equations
Vo

vilf
AVi r
(1 +Af) 1/f
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Graphical Technique : The Nonlinear Case

>

<
—\
\\

1/f
A
Vi e
e~ o an Vel
(1 +Af)
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Graphical Technique : The Nonlinear Case

Vo
(1 +Af) / 1/f
A
i ~—Ver1 Ve
(1 +Af)
X
Z

i
=
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Graphical Technique : The Nonlinear Case

® Ve =

@ X: (Ve, Ave)

o y: (Ve, AVe — agvd)

@ Assumption : Slope of
the curve is A

X : output of system with linear amp
Z : output of system with nonlinear amp
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Graphical Technique : The Nonlinear Case

@ Xy = xm + my = azv3
@ XM = (Ve1 — Ve)/f
® my = A(Ver — Ve)
@ (Ver — Ve)(fl +A) = agvd
@ Vo = AVg — Xm =
AVe — (Ver — Ve)/f

X : output of system with linear amp
Z : output of system with nonlinear amp
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Graphical Technique : The Nonlinear Case

® (Ver — Ve)(} +A) = agvd

agfvd
® Ver = Ve + 1771
@ Vo = AVg — Xm =
3
__a3Ve
AVe — (71an

X : output of system with linear amp
Z : output of system with nonlinear amp
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Graphical Technique : The Nonlinear Case

_ Vi
@ Ve = 174

Af agv?
I+AT — (1+AD)?

1
® Vo = Vit

X : output of system with linear amp
Z : output of system with nonlinear amp
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Nonlinear Forward Amplifier

@Y Ave-ayv’

A —

Vo

1 _Af agv?

Vo = Vit T1AT — (11AN?
Why does this make sense ?
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Which System has more Output Distortion ?

Vmax i
; ~V.....sin(wt)
™y sin(wt) AVe _ 33Ve3 max
~V.....sin(wt)
Ve Av, - av® max
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System A : Open Loop

~Vmaxsin(oot)

max .
A sin(ot)

Av, - agv,®

3
i ic = 2 (Viax
Third Harmonic = & ( I )
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System B : Closed Loop

Vm axsm(mt)

— Ve AV, - V>

Third Harmonic = (1+Af) (f\/max)
<8 (Vi) 1
~ 2 \7A Af
System with negative feedback better by a factor of loop gain!
Why ?
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Ve1 VEISUS Vi

_ a3fv3
Ve1 = Ve + T A7

Vel Ver
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Distorion Reduction: Summary

Negative feedback reduces distortion
The input to the forward amplifier is very small
The error v is predistorted

This results in a distortion reduction by an extra factor of
the loop gain, when compared to the openloop forward
amplifier excited by a sinusoid with a small amplitude of the
order of ve

Draw a picture! : gives you more insight and understanding
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CASE STUDY

Nagendra Krishnapura Sh Negative stem and Circuit Desig|



A 7X Programmable 51" Order Active-RC Filter Design Targets
@ VHF Active Filter

@ Bandwidth programmable over a 7X range (from
44-300 MHz)

@ 0.18um CMOS process, 1.8V supply

@ Freguency response, dynamic range must be maintained
over the entire programming range

@ As low power as possible

Nagendra Krishnapura Shanthi Pavan Negative Feedback System and Circuit Design



Why Active-RC ?
@ Low excess hoise of the integrators
@ High swing possibilities
@ Low distortion
@ Parasitic insensitive

Nagendra Krishnapura Shanthi Pavan Negative Feedback System and Circuit Design



Programmable Integrator

o

R/k

@
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Programmable Integrator

e, }Po2 ¢
Py Ml fom
Rint .
im o L g op
Bo. A IC— -
Tt
(@ Oo-2 (b) b,
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Unit Transconductor

Vdd
—Ovcmfb
-
M9 M10
OMe— Vemp —o 0P ip o F oom
M1 ME,—LLJM M2 gmj
. . imo + o 0p
| m
Pt - “Tho
M5| M7 M8 |M6 29,
Vil o Il_ T L+
b1
bo—] F—ob “+4é
Ms3 Ms4 s
b b2
(@ (b)
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Digitally Programmable Integrating Resistor

to OTA virtual ground
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Benefits of Constant-C Scaling

T T T
Without constant-C scaling

Magnitude Response (dB)
|
N

L L L L L
0 50 100 150 200 250 300 350
Frequency (MHz)

2 T T T
With constant-C scaling

Magnitude Response (dB)
|
N

L L L L L
0 50 100 150 200 250 300 350
Frequency (MHz)
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Single-ended Filter Schematic

R=1666.67 Q, R,=145 Q, C,=339.76 fF, C,=919.3 fF, C;=634.51 fF, C,=1012.5 fF, C5=530.05 fF
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Common-mode Feedback
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Resistor Servo Loop

vdd (1.8 V)
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Fixed Transconductance Bias

vdd
M17E, |v|191jl |\/|3Ijl IEIM4 :flvl5
4| M187] _ I,
M16°]] }_‘ ok IEi/I6
M1 t—
: R
M2 | M7 M8
Qf if}j;_%i
5 =

M14 EM%ZE IZHEII\/IZIIIJI:”_l M9 l]_}_l_“f‘Mlo
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Test Buffer

op[] Bond pads[]om
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Die Photo & Chip Layout
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Measured Frequency Response

20

100 200 300
Frequency (MHz)

Magnitude response (dB)
@
o
T

N

L L L L L L L
0 100 200 300 400 500 600 700 800
Frequency (MHz)
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Response of Ten Chips

2

Highest bandwidth

Magnitude response (dB)
L

Lowest bandwidth

-6 i i i i
0 10 20 30 40
-8 Frequency (MHz)
-10 L L I I I I I
0 50 100 150 200 250 300 350

Frequency (MHz)
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Noise Spectral Density with Bandwidth Setting

300
N
2500
0 Z100
z
200 0.5 1 15 21

Frequency (MHz)

50

Output noise spectral density(nV/sqrt(Hz)

0 50 100 150 200 250 300
Frequency (MHz)

(=]
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Performance Summary

Table: SUMMARY OF MEASUREMENT RESULTS

Technology 0.18 yum CMOS
Filter type 5 order Chebyshev, Opamp-RC
Supply voltage 1.8V
3 dB bandwidth 44-300 MHz
Active chip area 0.63mm?
Power 54 mw
Integrated output noise 860 1V rms
[IP5 at band-edge 2.5Vrms
Test tone at f‘%
Vin,pp differential for THD<-40dB 2.2V
Dynamic range for THD=-40dB 56.6dB
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Lead lag compensation
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Opamp models

finite dc gain model: A,

first order model: Ay/(1+s/wy)

integrator model: w,/s

full model: Ay/(1+s/wy)(1+s/p,)(1+s/ps) ...

F:)z :pa

Wy

@ DC performance: Finite dc gain, constant with frequency
@ First order estimate of high frequency effects: Integrator
@ More detailed high frequency effects: Integrator+pole (s)
@ Simulations: Everything
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Negative feedback amplifier design

Ry

<

Siin = 4KT/R¢

1 R; 1
L = A(S)——————— L(s) = A(s
() O irser H® O R R T T SG(RITR)
@ Extra pole due to the feedback network
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Transimpedance amplifier

Ry
VWA

@:;
i

Given R and Cq

Vo Rt
1 1

© T 2/CRw V2

Set the damping factor to 1/+/2 to obtain a Butterworth
response.
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Transimpedance amplifier

Ry
VWA

@;
i

1
“Wu 2C4R;
B 1
YRB T  /2rCyRy

@ Bandwidth depends on Cq4, R¢, independent of w,

@ Equivalently, R¢ is fixed, given w, and Cq; can’t be
increased
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simpedance amplifie

Transimpedance amplifier: Rf in feedback
Loop gain U]

v; Rf="400" =i Rf="4QK"
6o.p o0 Ri="Akt o Rf="4AQOK"
—1

|

H

0.00

200 ™~ :

(dB)

—40.0

-60.0 =

—80.0

—100

100K ™ 1200M 1G

10M
freq (Hz )




Transimpedance amplifier

Transimpedance amplifier: Rf in feedback
Vout/lIs o

-1 Ri="4QK"
v: Ri=400

130

90.9 ———

dBOhm

70.9

50.9 na <

30.0

@
100K ™ 100M 1G

19M
freq (Hz )
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Transimpedance amplifier-additional zero

ﬁq;
i

Given R and Cy

Vo _ Rf
ls Szqude—i-S/wu +sCiRs + 1
¢ = 1+ wiCiRs

2\/ (.dqu Rf

Set the damping factor to 1/\/5 to obtain a Butterworth
response.
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Transimpedance amplifier-additional zero

R 1
2Cd f

WU Cd Rf 1 U.)u

Wu
w_ =
8 v CaRy \/ wuCaRs + /ouCaRy — 1 27\ CaR

@ C; can be chosen, given Cy, R¢, and wy
@ Higher wy = higher bandwidth
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Transimpedance amplifier-additional zero

Transimpedance amplifier: Rf and Cf in feedback
AC Response U]

v; Rf=1"4K" -1 Rf="40K"
6g o Rf="400K" v: Rf="400"

40 N

20 N

2.0 T

(dB)

—20

—40

—60

100K ™ 1200M 1G

10M
freq (Hz )
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Transimpedance amplifier-additional zero

dBOhm

120
1
100
90.9
80.0

70.9

50.0
40.9
30.0

20.0

3

Transimpedance amplifier: Rf and Cf in feedbock

AC Response

-1 RI="4QK"
v: Ri="400"

@
100K
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19M 100M
freq (Hz )
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Transimpedance amplifier-additional zero

@ Zero introduced in the loop gain function

@ First order behaviour around unity gain magnitude crossing
@ “Lead-lag” compensation

@ Minimize virtual ground node parasitics!
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