EE 230
Lecture 14

Basic Feedback Configurations
Second-Order Filters
Difference Amplifiers
Impedance Converters



Quiz 10

a) Determine the transfer function T(s)=V o 1(s)/V\\(S) for the
circuit shown

b) Is the circuit stable?

Assume the op amps are ideal and all resistors are 1Q) and all
capacitors are 1F
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Quiz 10

a)  Determine the transfer function T(s)=V1(s)/V,\(s) for the circuit shown
b) Is the circuit stable?

Vin _ Vour ) Vour

S s?

S
1
AAAY
£\> \./OUT
1
<jl

Vour= -
1

MV N
Vin JI/

w

\
-3 =% 3-

1

¥4
I
/ \/W SN
OuT . ouT

1
A%

<
<




Quiz 10

a)  Determine the transfer function T(s)=V1(s)/V,\(s) for the circuit shown
b) Is the circuit stable?
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Quiz 10

a)  Determine the transfer function T(s)=V1(s)/V,\(s) for the circuit shown
b) Is the circuit stable?
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Quiz 10

a)  Determine the transfer function T(s)=V1(s)/V,\(s) for the circuit shown
b) Is the circuit stable?

—_ VOUT — S
T(S) \/|N SZ_S+1
Poles at ] :
_ 143 o= 13
T2 2
RHP LHP

Since there is one RHP pole, the circuit is unstable !



Review from Last Time

Inverting Integrator
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Unity gain frequency is w, =—
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Review from Last Time

Noninverting Integrator
C

R
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Vour :—CJ.\/IN (T)df"'le (O)
0

Obtained from inverting integrator by preceding or following with inverter

Requires more components
Also widely used

Same issues affect noninverting integrator



Review from Last Time

First-order lowpass filter with a dc gain of R,/R,

2
vAlS

T(s)=-| 2|1
R, J1+sCR,

R, controls the pole
(and also the dc gain)

R, controls the dc gain
(and not the pole)

vyE




Review from Last Time

First-Order Highpass Filter

\C|: But this looks like a
R /! useful circuit!
NV \
Vour

[ >

Vin @ Vour _ sRC

Viy 1+sRC
v

This is a first-order high-pass amplifier (or filter)

) [T(w))

3dB band edge at w=1/(RC)
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Review from Last Time

Inverting Differentiator
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v

T(s)=-sRC

Differentiator gain ideally goes to « at high frequencies
Differentiator not widely used

Differentiator relentlessly amplifies noise

Stability problems with implementation (not discussed here)

Placing a resistor in series with C will result in a lossy differentiator that has
some applications



Review from Last Time

First-order High-pass Filter
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Review from Last Time

Applications of integrators to solving
differential equations

x ——w Linear ___y Consider the standard integral form
N System

Xout :bljxOUT +b2‘”XOUT +b3jHXOUT +o.+a, X +IXIN +UXIN +...
X

aoNTJTLTJT”*J
% )
.jﬁijij

This circuit is comprised of summers and integrators
Can solve an arbitrary linear differential equation
This concept was used in Analog Computers in the past

XOUT



Review from Last Time

Applications of integrators to filter design

as"+a, s +.as +a,

X . Linear - X T(S)— n A
S+, +..+8s+ [

N System ouT
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XOUT
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-Bo

Can design (synthesize) any T(s) with just integrators and summers !
Integrators are not used “open loop” so loss is not added

Although this approach to filter design works, often more practical methods
are used



Applications of integrators to filter design

XouT1
This is a two-integrator-loop filter
|01 -~ X —l~4S
Xouwz('_ (XIN+XOUT2+GXOUT1) Mfﬁ(s): 2 o
S XIN s%+aly1s+ly 4o,
S
I
Xour=| & | X _
ouUT2 (S OUT1 D XouT?2 T, (s)= I01I02
XIN 82+a|01S+|01|02
These are 2-nd order filters
If 1,,=1,,=1,, these transfer functions reduce to
—|~S |2
Ty(s)=—5—2 __ T
2 2 To(s)=
s™+algs+ly 82+alos+l(2)



Applications of integrators to filter design

—lns
J T1(S ~ 9 J 2
—( > _'m L o2 [ S +a|08+|0
i a . S Xour2
XOUT1 _Ig
- = To(s)=
lo1=lgo=1, 2(s) Pyt
Consider T,(jw)
. —jwl
T1(Jw):(l2 w2)+J9w I
0" alg :
JTi(jw)
I
: wl !
Ty(jw)|= . 2o :
\/(Io-wz) +(walp ) i
| w
Wp >

This is the standard 2"d order bandpass transfer function

Now lets determine the BW and wg



Applications of integrators to filter design

Determine the BW and wp A‘T‘l (jw)‘
—
T (S = 0° Ti(iwe) L __ |
82+a|03+|(2) . :
‘T1(pr)‘ S )
wl \/5 o
Tl = ——s? B
J(%-wz) *(walo)’ W |
. I I
To determine wp, must set M: 0 WL WH
w
2
This will occur also when @ \T1 (Jw)\ _ and the latter is easier to work with
dw?
w22




Applications of integrators to filter design

The 2nd order Bandpass Filter
Determine the BW and w,

oS Ti(jw)| =

2 2 2 2
s”+algs+Ig \/(%-wz) +(walg)

wlo

Ty(s)=

AT () [(Ig-w2)2+(walo)2Jlg-wzlg(—2(Ig-w2)+(05|0)2)

= =0

" U%_wz)z+(wo)2r

It suffices to set the numerator to O
2
[(lg-wz) +(wa|0)2]|§=w2|§(—2(|§-w2)+(a|0)2)

Solving, we obtain

we =1,
Substituting back into the magnitude expression, we obtain
|l 1
Ti(jwp)|= 22 =
2 2 2
\/('o"o )*('004) ’

Although the analysis is somewhat tedious, the results are clean

ve



Applications of integrators to filter design

The 2nd order Bandpass Filter
Determine the BW and w,

wlo

oS
fils)= 32+alos+l(2) Ti(jw)|= 2 )
\/(Ig-wz) +(walp )

. . 1
To obtain w, and w,, must solve  [Ty(jw) =~

This becomes

! ((%_wz)z+(wa'°)2j'3"*’2'<2)(‘2('§-w2)+(alo)2)

o [('§-w2)2+<walo>2f

ve

The expressions for w, and w, can be easily obtained but are somewhat messy, but
from these expressions, we obtain the simple expressions

BW = w,- w, = al,

wyw, =,



Applications of integrators to filter design
The 2nd order Bandpass Filter

Determine the BW and w,
—1.s ] u)|0
Ti(s) = 0 Ti(jw)| =
1(s) s?+algs+12 \/(Ig-w2)2+(walo)2
W
we = |,
BW = o,
. 1 A‘T1 (Jw)‘
T1(jwp)|=—
(04
b
a
e
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Applications of integrators to filter design

The 2" order Bandpass Filter
Determine the BW and w,

Often express the standard 2" order bandpass transfer function as

—1.s
T4(s) = 0
1() 32+BWs+|g

ve




Applications of integrators to filter design
The 2" order Bandpass Filter

These results can be generalized

ve

Hs
TBp(S)=
() 32+as+b
BW =a
w, =b




Applications of integrators to filter design
The 2" order Bandpass Filter

Determine the BW and w, l
—l\s | I
Ty(s)=——2 #?4 _lo1 o lo2 | |
() 32+a|03+|(2) XiN S S
a
—1\s
Ty (s) = 0 l04=1,=1
1( ) 32+BWS+Ig XOUT1 01 02 0
A‘T1(j‘”)‘
I |
a |
|

lo |

w, BV wy
Can readily be implemented with a summing inverting integrator and a
noninverting integrator

ve



Applications of integrators to filter design
The 2" order Bandpass Filter

Determine the BW and w,
Ti(s)- 5 O Qﬁ% | !
18)= 2 _101 L 202
32+aIOS+IO XN S S
l~S :
(¢) 32+BWS+IS XouT1
Summing Inverting Integrator Noninverting Integrator A‘T’I (Jw)‘
C c |
R ) Y R e T :
s LA D ] e | )
R a
o R J> : 1
RQ=R/(X | 1 o : IO :
™ ,=—  BW=—— w BV,
L H
v RC RC
wp = |,

« Widely used 2" order Bandpass Filter
« BW can be adjusted with R, BW = al,
« Peak gain changes with R,

* Note no loss is added to the integrators



Applications of integrators to filter design

The 2" order Bandpass Filter J
Design Strategy Ny
. —4s '
Assume BW and wp are specified  Tgp(s)=—; 0 5
) +0!|08+|0
Summing Inverting Integrator Noninverting Integrator
g C
R 4 ) X
R > wt s | NP
Vi e " JL/ JL/ M £I> 2a
RQ=Rm
| 1 a
VOUT IO =% ... BW=%

1. Pick C (use some practical or convenient value)

2. Solve expression wP=R1—C to obtain R

3. Solve expression g\=_%  toobtainaandthus Rq

RC

R |[—

1 ———_

XouTi




Applications of integrators to filter design

The 2" order Lowpass Filter

I I
12 X _ > -2 — Xoutz
T I0 IN S S
2 (S) - 2 2 a
S +a|08+|0

lo1=l0=lg

Summing Inverting Integrator Noninverting Integrator

C C 4

A .
R I Y R: T, (jwe) -

p R M\ .

AN r R; [Tz (jwe)

v R AW : 2

—AN—
N JL Vour
Ro=R/a 1
W l,=— -
RC

Exact expressions for BW and w; are very complicated but wp=I,

« Widely used 2" order Lowpass Filter

« BW can be adjusted with R, but expression not so simple
« Peak gain changes with R

* Note no loss is added to the integrators

Design procedure to realize a given 2" order lowpass function is straightforward



Another 2"9-order Bandpass Filter

R

Vi (SC1+SC2+Gz+G3) = VoursC, +Vi\G;

4
R3 Cq C, VisCi+VoirG, =0
AANAN—/" | R2
VI .

. T(s) = - RS,
VOUT s’+s 1 + 1 + 1
RC, RC,) (R/R,)RCC,

If the capacitors are matched and equal to C
s

R,C

T(s) =-

2 2 1
s°+s +
[Rpj (R,/IR;)R,C?
Since this is of the general form of a 2" order BP transfer function, obtain

1

ve

w -
" JR(R,/IR,)C




Another 2"9-order Bandpass Filter

Design Strategy R
Assume BW, wp , and K are specified VW
; R; R 7 c
T(s) = — e N J%Rg
Z+S[R1Cj+ (R//R,)R,C? 1 |
BW = W= j+ Vour
RC " JR(R/IR,)C
—_ Rl
2R,

1. Pick C to some practical or convenient value

\ =

2. Solve expression BW =

Rl
2R,

to obtain R,
1

3. Solve expression K= to obtain a and thus R,

1
4. Solve expression Wp= \/R1 (R,IR,)C to obtain R,




Another 2"d-order Bandpass Filter
Termed the “STAR” biquad by inventors at Bell Labs

R,
c AVAVAYA c
V
AR Ny
R,
VIN
¥

w =
" JR(RJR,)C

_ 2 1
" RC (R,/IR,)(H-1)

1(Hj
‘o R, \H-1

[Fi_ (szfRi)(H-ﬂj

BW

For the appropriate selection of component values, this is one of the best 2" order
bandpass filters that has been published

Vour

V1 (SC +sC +G2+G3) = VOUTSC +V|NGS +VOUT%

VOUT
H

(sC+G,)=V,sC+V,;;G,

o la
R,C \H-1

2 1 1

s°+s + -
RC (R,/R,)(H-1) ) (R//Ry)RC

LTBP(jw)‘
|
A
|
Cn
Lo W
W ! "



STAR 2nd-order Bandpass Filter

C v, #9 s (Hj
R | R T(S) — R3C H-1
i AA A R % 2 2 1 1
Vin s’+s — +
RC (R,//R;)(H-1 R.//R,)R,C?
PLUARS 2/ T3 )Ry

Vour

’_]+ Vour g A Vour
J7—M/\f A%%%
Rx (1 -H)Rx Amplifier with gain H

Amplifier with gain H

But the filter doesn’t work !




STAR 2"d-order Bandpass Filter

AV
c v, C s (H
A R,C (I—Hj
Rs R T(s) =- 3
Ve ’ ) [ 2 1 ) 1
IN s°+s — + 5
N RC (R,//R,)(H-1)) (R,//R,)RC
‘ Vour
o R
Implementation: AL

Vin %_" € |
W AN Rs R
X %&ﬁ; wf (1-H)Rx Vin i
“(ii'mw i))\)

Amplifier with gain H ~
+
Vour — A Vour

If op amp ideal, V|N w (1-H)Rx

Amplifier with gain H

Works fine ! . :
Will discuss why this happens later!

Reduces to previous bandpass filter at H gets large

Note that the “H” amplifier has feedback to positive terminal



End of Lecture 14



	EE 230�Lecture 14
	Quiz 10
	And the number is ?
	Quiz 10
	Quiz 10
	Quiz 10
	Quiz 10
	Quiz 10
	Quiz 10
	Quiz 10
	Quiz 10
	Inverting  Integrator
	Noninverting  Integrator
	First-order lowpass filter with a dc gain of R2/R1
	Slide Number 15
	Inverting Differentiator
	First-order High-pass Filter
	Applications of integrators to solving differential equations
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Applications of integrators to filter design
	Another 2nd-order Bandpass Filter
	Another 2nd-order Bandpass Filter
	Another 2nd-order Bandpass Filter
	STAR 2nd-order Bandpass Filter
	STAR  2nd-order Bandpass Filter
	Slide Number 37

