EECS140 ANALOG CIRCUIT DESIGN

LECTURES ON FEEDBACK

/

Robert W. Brodersen
EECS140

N

University of California
Berkeley

College of Engineering
Department of Electrical Engineering
and Computer Science

Analog Circuit Design

L ectures
on
FEEDBACK

\

ROBERT W. BRODERSEN

LECTURE 27



EECS140 ANALOG CIRCUIT DESIGN

LECTURES ON FEEDBACK

4 Feedback

Basic Amplifier
Ng )

FB-1)

L 5(s) I
; Error Signal ’

Nofb

Feedback Signal

fV

Feedback Amplifier —

f = gain of feedback amplifier

a=gan of basic amplifier

N
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EECS140 ANALOG CIRCUIT DESIGN
4 )
Feedback (Cont.) FB-2
ne — nin - nofb
nofb — f ><r]o

ne — nin_f ><no

n, = axn,
= = a = 1‘ e T (.jﬁ |
A, = n,on, (1+ax) fxé1+Tﬂ Closed loop gain

T° Loop Gain = a xf

a = Open Loop Gain

f = Feedback Factor

1
An|a®¥ = ? T»1
NG
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N

1)
2)
3)

4)

Feedback (Cont.)

There are 4 basic kinds of Feedback Circuits:

(Type of Feedback)
Series (Voltage)
Shunt (Current)
Shunt (Current)

Series (Voltage)

(Type of Sensing)
- Shunt (Voltage)
- Shunt (Voltage)
- Series (Current)

- Series (Current)

FB-5)
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g Series-Shunt (Ng/nip) FB-6"

Thisisavoltage amplifier, atypical exampleisthe well
known configuration shown below :

nin
© + + n,
Ng —0
R,
R,
_ J
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e

Series-Shunt (Cont.)

FB-7)

o

N
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Gain Calculation :

n, = a, XN,
nfb — fn ><no

n,
N, = N+ Ny = g +fnxno

n

1
nin fn el + Tﬂ
nin ><a-n

n = ————
1+ a, xf,

nin - ne X(1+an an)

N

g Series-Shunt (Cont.)

L-l@eT 6- A ClosedLoop Gan

FB-8)
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r . 9)
Series-Shunt (Cont.) FB-9
Rout Calculation (Closed L oop Output Resistance) :
n, Io
Rouly, =0 = T L
Drive output with n,, measure|, ‘ ‘

— nt_an ><ne nt
= I, A, Ne
ne+f,>xn. =n, =0;n = {
nin - O O
= Dt a Xt xn, A, =10 f =01 a, = 50,000
t ro

T = 0.1x50,000 = 5000 r, = 100W
ﬂt = RO = L — s
I, 1+a,xf, 1+T R, = —— = 0.02W
1+T
N J
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/

Rin Calculation :

Series-Shunt (Cont.)

N

FB-10)

ROBERT W. BRODERSEN
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4 Shunt-Shunt (Transresistance ny /i) FB-11)
rO
» \y . ° o
+
i Ne Fin @ o Xi n,
*— ‘ —O
‘ O
| +
O n
‘ ifb - fG ><no
0
N J/
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/

Gain Calculation :

Ifb — fG ><no
ifb

fo = n.

ie — iin_ifb

r-]o - aRXie

ﬂo_flxaeT

€1+ T

Shunt-Shunt (Cont.)

a, hasunits of resistance

r-]o — a-Rx(iin_ fG >(r]o )

p—\— (—

FB-13)
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4 Shunt-Shunt (Cont.) FB-14)

e . |

N J
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/

N

Rin Calculation :

5.

ne _ rin
Riv = i 1+T

Shunt-Shunt (Cont.)

FB-15)
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ROBERT W. BRODERSEN

Shunt-Shunt (Cont.)
Rout Calculation (Closed L oop Output Resistance) :

Ry =
I ih,=0
(n,=n,)
. =0 =1,+1i,
I, = =i, = —f;xn,
n, = I, Xr, +ax X, = 1, Xr,—a, xf; xn,
T_ - 1:0T = Rour

FB-16)

LECTURE 28
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g Shunt-Series (Current Amp i,¢/lip) FB-17)

a X,

N\

N J
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/

T =

f,

o

R
o

o

Gain Calculation :

o

in fi el + Tﬂ

_1l.eeT o

Rin Calculation :

— rin
14T

RIN

Shunt-Series (Cont.)

Rout Calculation (Closed L oop Output Resistance) :

Rour = I, X(1+T)

N

FB-18)
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/ _ _ . FB-19)
Series-Series (Transconductance iy,¢/Nip,)

o
-

ifb — fR ><r-]o

N J
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Series-Series (Cont.) FB-20)

Rin Calculation :

Ry = rnX(1+T)

Rout Calculation (Closed L oop Output Resistance) :
Rosr = T, X(1+T)

N
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e

Ny, 0—/\/\/

R,

AN

R,
R, R

n, &
_

8]

>

n
f,= 2

n,
N, _ _R
no I:Ql-I_I:QZ

Series-Shunt Example (Without Loading)

FB-21)

1kwW
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4 Series-Shunt Example (Cont.) FB-22)
_ Ny _ 1— T T = xf = e R, 6
AT £ T H T R AR

T = 100x& =0 = 10°
€1k + 9kD

( No loading means we don'‘t taken into account the drop
acrossr,dueto Ry &R5)

_ 1x&ilo (o J

= 516 100 - 10:000 precisely 10 to 4 decimal places

n

Ro = r,X(1+T) = ¥ x(1+10%) ® ¥

_r, 100
ROUT_1+T_1+1O4_

N J

ROBERT W. BRODERSEN LECTURE 28
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Shunt-Shunt Example (Without L oading) FB-24°

N

|n_

"

Ny
R

Cj
Py
1 +
D

A4

v
R
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e

_oE)
Shunt-Shunt Example (Cont.) FB-25

—
! *
= n
R 0
1 Rl
~N
S ) o
~p
_»I fb

Iin_lfb
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4 Shunt-Shunt Example (Cont.)

SN
% an. = aRi,
ne — _ieRl

No = Niny f = L

No
N
fb R2

v 1
............. f=_=
R,

FB-26
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4 Shunt-Shunt Example (Cont.) FB-27)
1;

B20 - 5 O — 105380 — Y
T = (- aR)Xe RO = a, X Y =10 egz = 11" 10
A=D1, T _ p,ell710 6. p - guy

. f 1+T €1+ 1.1° 109
N,

But we want -
i = N,
in — Rl
&):_le :_BZ:_Q:&
nln |m Rl R1 nln
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g Shunt-Shunt Example (Cont.) FB-28"
_ I _ 10K
ROUT_l_l_T—']‘-T,—l'O';»O.gW
R, R,
I:QIN — —
4T 7 o R
R
R'N J\/\/z;
Iln _‘ nO
R, N
> _>R|NI
But R,y IS hot what we want.
~ Y
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Shunt-Shunt Example (Cont.)

> RIN
g $ R, % R,
~
-
RIN - BZ
a,
Rl XRINl Rl XRz
RIN — —

- Rl + RIN' - RZ + a'n le
(Rr=R\) X(R, + &, xR)) = (R7xR,) X(R, *R)

RIN| x(/Rz/_/Rz/+ a, le) - Rz le

RINl — _F_Q_z
a,

FB-29)
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4 Shunt-Shunt Example (Cont.) FB-30"

RINII — Rl + RIN' — Rl + BZ
a,

R.' Isthereal input resistance we want, but it doesn’t come out
directly since we used the Norton equvalent circuit at the input
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Series-Shunt Example (With Loading) FB-31)
Series - Shunt with loading effects of feecback circuit

on the basic amplifier.

+
Ni, -_l_ ne

r, /’\ Basic amplifier
®

\/
®

< %

For loading at OUTPUT
assume open

S

For loading at INPUT assume short
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4 Series-Shunt Example (Cont.) FB-32)

rO ROUTI

nin ® |>> RIN | 4 } ® no
L> + -
ne rIN
i a,n.
R IR,
R,
ne — r-IN aﬂ' — R1+ RZ i
R IR, +r, R, r,+R, +R,
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g Series-Shunt Example (Cont.) FB-33"
Basic amp with loading :

ro I (Ri+R,)

r|n :|nel
Rl || RZ + r-in

a, a{ (Rt Ry) Jx[ Cin J
ro+R1+R2 Rl” I:az-i_rin

I,-in + (Rl ” Rz)

r-in'

e = [ (R+R)
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Series-Shunt Example (Cont.) FB-34)
nofb‘ /\ )\ R2 n R1
f. = R.+ R,
R,
T' = a xf_a %RO& lin O%R*‘RQ
’ eR + R9 er +R|RZ er +R,+RY
T'<T Because of Loading
Vo 4 ¥ 10k )
T' =10 T' = (10° x(0.1 0 28 O
/A (107 x(0.2) <& e¥+1k||9kjg 910k+10kﬂ
without loading -1 90" < 1 1
2 — with loading
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Series-Shunt Example (Cont.)
Ry = (r.+RIIR) x(1+T")

T'»1
R, = (r. +R, Rxaer.nanoaeR+R 02 R 6
(i IR +R/|IIRZ €, ,+R,+RSZ eR+Rfj
= X%R+R O
R ! €,+R, +RYZ
rox(l:zl-l-I:QZ)
r, r.,+R +R,
ROUT: > |: >
1+71 g x®_ Tu 0,2 R 6
er,n+R||Rg er+R +R9
r
ROUT: >

NS, I, 0
er.n+ R ||R2

FB-35)
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‘ _36)
Shunt-Shunt Example (With Loading) FB-36

nOUT
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4 _27)
Shunt-Shunt Example (Cont.) FB-37

Transforming to current source input :

R,
R - Rour
W 1.
R + J Nour

Ne

[
D7
@

rin

R - / Vv
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: Shunt-Shunt Example (Cont.) FB-38"
Redrawing :
. \ ® ®
lin ry Nour
? [
= R: Assume short
}A(\)?%Tﬁrﬁq&rrt for INPUT loasing
loading
N
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4 30\
Shunt-Shunt Example (Cont.) FB-39
Basic amplifier with loading :
|'>rin| Ie\ <_| r-ol
iin L> ! | <J ﬁOUT
R, ” R, Fin R,
I r0 RZ
| |eﬁ | .
Iin r']OUT
rin”Rl ” Rz _ar x@ Rl ” R2 Oxi% Rz O| .
o erin + Rl ” R2ﬂ ero + Rzz )
N J
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g Shunt-Shunt Example (Cont.) FB-40°

aR':_anxrx%R”R O&R 2 Ry 0 —

R,
in _anxrin Rl RZ X& O
o +R RS &, +ro - (IR IR

Rﬂ

rin' — IFin ” Rl ” RZ

r-OUT' — Rzllro

Iﬁ %Rz Moor
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g Shunt-Shunt Example (Cont.) FB-41°
Finally we get :
Novr _ 1,2 T' 6
i, f, C1+T'@

leaRleG:axbx@ RlllRZ OX@ RZ O
’ RZ erin-l_RlllRZg ero-l_IQZg
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4 5\
Shunt-Shunt Example (Cont.) FB-42
T'»1
: Min r, IR IR,
RIN = . -
"R, er,n+R IIRg er +Rg
R, ' = r°;R2 independent of R,
RIN " — R1+RIN' aI I"]in
_ ror _ Rlr, _ I o
Rour = 14T 1+T'  axf.x(r.llRIR) Rour
N\
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/

N

r]OUT =

ne — nin_nOUT

— nin_nfb — nin_fanUT

r']OUT

Series - Shunt

FB-43)

J

ROBERT W. BRODERSEN
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/

Replacing current sourceswith resistances:

UmNs = C XQ,Ns »

FB-44)

C X0,

J

ROBERT W. BRODERSEN

LECTURE 30
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Single Transistor : Series- Shunt

FB-45)

® o
1 + r]OUT
n
° mhle
+ : .
Niy —® D é
nOUT
- -
1
R |l
C XQOn
.- .
Open(Series) Short(Shunt)
nfb nO
® L
— nfb —
R. f, = Pl 1
_ J
ROBERT W. BRODERSEN LECTURE 30 FALL,1998
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4 Single Transistor : Series- Shunt (Cont.)

With L ocading :

FB-46)

J

* P
r]OUT
N A
+ " )0nNe :
- -T2
1
R ||
g,
NV
\_
ROBERT W. BRODERSEN LECTURE 30
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4 . . . ™\
Single Transistor : Series- Shunt (Cont.) FB-47
Vo 1 6_ +. . _
a, = gmxglz"o | RS”cxgmﬂ =T sincef, = 1
r-o» RS
g ¥R, || 20
1. T € " "cxg9 0, XRs ,
A”:Fx1+T'» ..:1+g xR ><(1+C):An
“ 1+g, xR || —0 moe
e C xgmﬂ
four = 1y [ Rl —2— » Ry || —
C xQ, C xg,
=¥
R. || —
lor C Xg, ~ R,
Rour 1+T' 1 & 1+0,.%(1+c)xR,
1+ 9, xR || O
e C xgmﬂ
1
= S — I:QOUT
d.*(1+c)
\_ J
ROBERT W. BRODERSEN LECTURE 30 FALL,1998
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e

Series- Serieswith Degeneration

FB-48)

| our +
l R. Ne
T Io
—® Nour — @ A
ninT{ @ - lout A) . ‘ ouT
Ne-"4n -
b N, n
RS nfb ? RS
OPEN (Series) 4 OPEN (Series)

For Simplicity,c = 0 - -
N J
ROBERT W. BRODERSEN LECTURE 30 FALL,1998
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4 Series- Series Degeneration (Cont.) FB-49)

o -
Ng, ‘J
R ) o
.
N N
R, Rs R
nfb - i ouT RS

N J

ROBERT W. BRODERSEN LECTURE 30 FALL,1998
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N

Series - Series Degeneration (Cont.)
Basic amplifier with loading :

N, -
* RL [ iOUT
Dy =

% = |

Redrawn :

FB-50

iOUT
Nine——e ﬁ
o) I, 0
n, Xg, < r,+R +R
GB Ier TR + R ST
f—imm i i N i i I (— = Tour
Ads

J

ROBERT W. BRODERSEN LECTURE 30
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4 Series- Series Degeneration (Cont.) FB-51)
Feedback Network :
nfb'
fR - Infb - Rs
v — I o)
T' = asxf; = g, X er TR + RO g <Rs
| I 1 1 r XRS O
= + +R + +
Roor = Four X(L+T7) = (r,+ R +Ry) &1 +g, % R +RO
- r'o-l_RL_i_I?S-l_gmxroxRS - RL+RS+(1+ngRS) Xro
N J
ROBERT W. BRODERSEN LECTURE 30
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Series- Series Degeneration (Cont.)

FB-52)

J

N, fx 1+T
® g, x—toKs 0
:gix rc’-l_RL-l_RS: O X1 :
gRS 1 + _gm Xro XRS r-o + RL + RS + gm ><r-o ><RS—
€ r.+R +R 9
_— O X, » O
I:QL-i-FQS-I_ro ><(:L-'_gm ><FQS) (1+gm XRS)
ro » IQLaF\)S
=
ROBERT W. BRODERSEN LECTURE 30

FALL,1998
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N

Shunt - Shunt

Short

FB-53)

J
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Shunt - Shunt (Cont.) FB-54°
Basic amp with loading :

R, || R
iin nOUT
O, —
R | Re
Nour = —iin X(Rs [IR:) xg, x(R, [[R: [ 1,)
a. = n.OUT = (R IIR:) g, x(Ro | R I )

Iin

e = R IR r,' = RIIR.

N J

ROBERT W. BRODERSEN LECTURE 30 FALL,1998
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g Shunt - Shunt (Cont.)

le Rs | Re
+ 1
1+7T Ri X(Re Il Re) xgy, X(Rs lI R 11 ,)

F

R R-

»
gm ><(IQD ” RF ” ro) an

N

FB-55)

J

ROBERT W. BRODERSEN LECTURE 30
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Shunt - Shunt (Cont.)

_ rOUTl _ (RD ” RF ” rO)
ROUT - 1+T" - 1
= X(Re || R:) g X(Ro | Re 1l 15)

F

1

g x@—RG 0
""eR. + RSP

N

FB-56

J

ROBERT W. BRODERSEN LECTURE 30
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