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Computer cables: filter eliminates interference
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A low-pass filter because it allows low frequencies to pass but attenuates

(makes smaller) high frequencies.
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A low-pass filter because it allows low frequencies to pass but attenuates

(makes smaller) high frequencies.

The order of a filter: highest power of jw in the denominator.
Almost always equals the total number of L and/or C'.
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Y _ jwc 1
X R — jwRC

CapaC|tor 1= (C5< d”C
1= 5 = _C%

R
dy _ —1
dt — RC*
Jy Wt = =L [ xdt

y(t) = 76 Jo zdt + y(0)

Note: if z(t) = cos wt
[ cos(wt)dt =

L sin(wt) = gain o< =

|Gain| (dB)

20

-20

0.1

wRC

10
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

® High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Integrator
Y _  Ywc 1
X — R~ jwRC
Capacitor: 1 = C%’—f
i=%Z=-C%
Jo Bdt = 7 fy wdt
y(t) = 76 Jo zdt + y(0)

Note: if z(t) = coswt

[ cos(wt)dt = L sin(wt) = gain -

w "

We can limit the LF gain to 20 dB:

<<
]
R ﬁ C
X s v
_[*
%\20
<
0]
-20
0.1 1 10
wRC
10R
L 11C
R | |
— —e—— Y
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

® High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Integrator
Y _ _ Yiwc _ 1
X R jwRC
Capacitor: 1 = C‘Z’—f
i=%Z=-C%
Jo it = 7¢ fy wdt

y(t) = 76 Jo zdt + y(0)

Note: if z(t) = coswt
1

[ cos(wt)dt = L sin(wt) = gain o< —.

We can limit the LF gain to 20 dB:

Y _  10R||YjwcC
X R

|Gain| (dB)

20

-20

0.1

10
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

® High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Integrator
Y _  Ywc 1
X R — jwRC
Capacitor: 7 = Cd”C
oz _ dy X
1 = R _CE
dy _ —1
3 = RoT
t dy —~
Jo %t = 75 [y wdt g
_1 rt 5 0
y(t) — RC fO rdt + y(()) g-20

Note: if z(t) = coswt
[ cos(wt)dt = L sin(wt) = gain o< —.
We can limit the LF gain to 20 dB:

Y _ _10R||Yjwc _  10Rxjwc
X R — T R{I0R+1/jw0)

0.1

10
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

® High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Integrator
Y _  Ywc 1
X R — jwRC
Capacitor: 7 = Cd”C
oz _ dy X
1 = R _CE
dy _ —1
3 = RoT
t dy —~
Jo %t = 75 [y wdt g
_1 rt 5 0
y(t) — RC fO rdt + y(()) g-20

Note: if z(t) = coswt
[ cos(wt)dt = L sin(wt) = gain o< —.

We can limit the LF gain to 20 dB:

Y _ _1OR||1/ij . 10R%x1/jwcC
X = R — T ROO0RT/jw0)
_ 10
 JwlORCH+1

0.1

10
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

® High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Integrator
Y _ _ Yiwc _ 1
X R jwRC
Capacitor: 7 = Cd”C
i=%Z=-C%
fot sz?dt 7 Jo ) adt
y(t) = 76 Jo zdt + y(0)

Note: if z(t) = coswt
1

[ cos(wt)dt = L sin(wt) = gain o< —.

We can limit the LF gain to 20 dB:

Y _  10R||Yjwc _  10RXYjwc

X — R R(I0R+1/jw0)
10 _ 0.1
= T jwI0RCH1 <Wc = RC)

|Gain| (dB)

20

-20

01

10

w RC

10R
| HC I
—e—— Y
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High Pass Filter

13: Filters

_ Yy _ R
o Filters X - R+1/ij

@ 1st Order Low-Pass Filter

® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary
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High Pass Filter

13: Filters

. Y _ _
o Filters X - R+1/ij -

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

JwRCH+1
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y __ R

JwRC

Corner Freq: p =

X — Rtljwc

JwRC+1

1
RC
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y _ R _ jwRC
X = Rt+1/jwuc  jwRC+1
1

Corner Freq: p = &

Asymptotes: jwRC and 1
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y __ R

JwRC

Corner Freq: p =

X — Rtljwc

JwRC+1

1
RC

Asymptotes: jwRC and 1

|Gain| (dB)

O.ip

10p
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y _ R _ _jwRC
X = R+ljwc — jwRC+1
Corner Freq: p = %

Asymptotes: jwRC and 1

Very low w: C' open circuit: gain =0
Very high w: C short circuit: gain = 1

|Gain| (dB)

O.ip

10p
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y _ R _ _jwRC
X = R+ljwc — jwRC+1
Corner Freq: p = %

Asymptotes: jwRC and 1
Very low w: C' open circuit: gain =0

Very high w: C short circuit: gain = 1

We can add an op-amp to give a
low-impedance output.

|Gain| (dB)

O.ip

10p
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13: Filters

High Pass Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Y _ R _ _jwRC
X T R+Yjwuc T jwRCH+1
Corner Freq: p = %

Asymptotes: jwRC and 1

Very low w: C' open circuit: gain =0
Very high w: C short circuit: gain = 1

We can add an op-amp to give a
low-impedance output. Or add gain:

X = (1+ RA) X JORCHI

|Gain| (dB)

O.ip

10p
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

<<

R2 —|—]wL

1/ij—|—R1—|—R2—|—ij

Y
r| |10
£30.1
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

<<

R2 —|—]wL
1/ij—|—R1 +Ro+jwL

LC(jw)?*+R2Cjw

— LO(jw)?+(R1i+R2)Cjwtl

Y
r| |10
£30.1
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

<<

R2 —|—]wL

1/ij—|—R1 +Ro+jwL
LC(jw)?*+R2Cjw

— LO(jw)?+(R1i+R2)Cjwtl

jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Y
r| |10
£30.1
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

R2 —|—]wL
1/ij—|—R1 +Ro+jwL

<<

LC(jw)?*+R2Cjw

— LO(jw)?+(R1i+R2)Cjwtl
jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Asymptotes: jwR>C and 1

Y
r| |10
£30.1
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Rg —|—]wL
1/ij’—|—R1 +Ro+jwL

<<

LC(jw)?*+R2Cjw

— LO(jw)?+(R1i+R2)Cjwtl
jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Asymptotes: jwR>C and 1

Corner frequencies:

+20 dB/dec at p = % = 100rad/s

—4(0 dB/dec at

c L_ — 1000rad/s

1= V= VIo

Y
R,| |10
L30.1
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Rg —|—]wL
1/ij’—|—R1 +Ro+jwL

<<

LC(jw)?*+R2Cjw

LC(jw)*+(R1+R2)Cjw+1
jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Asymptotes: jwR>C and 1

Corner frequencies:

+20 dB/dec at p = % = 100rad/s

—4(0 dB/dec at
. cC __ 1
9=vVa = JIc

= 1000 rad/s

|Gain| (dB)

-20

-40

10 110
H R, 10
L<0.1
p q
100 1k 10k
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Rg —|—]wL
1/ij’—|—R1 +Ro+jwL

<<

LC(jw)?*+R2Cjw

LC(jw)*+(R1+R2)Cjw+1
jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Asymptotes: jwR>C and 1

Corner frequencies:

+20 dB/dec at p = % = 100rad/s

—40 dB/dec at
g= /<= —_LC — 1000rad/s
Damping factor: { = ngT/%ZJ) =

Gain error at g is

|Gain| (dB)

-20

-40

Y
10p 110 . 10
L<0.1
p q
100 1k 10k

(_[2]_'ﬁ— Ry) C = 0.6.
C =Q =0.83 = —1.6 dB (40.04 dB due to p)
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13: Filters

2nd order filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

@ Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

. Ro+jwlL
o 1/ij’—|—R1—|—R2—|—ij

<<

LC(jw)?*+R2Cjw

LC(jw)*+(R1+R2)Cjw+1
jwC(jwL+Rs2)

— LCGw) 2+ (Ri+R2)Cjwt1

Asymptotes: jwR>C and 1

Corner frequencies:

+20 dB/dec at p = % = 100rad/s

—4(0 dB/dec at

g=+/%= \/ﬁ = 1000rad/s
Damping factor: ¢ = 2522 —

V4dac
Gain error at g is

Compare with 1st order:

|Gain| (dB)

A
o

)
(=]

10 110
2 R, |10
L<0.1
p q
100 1k 10k

(_[2]_'ﬁ— Ry) C = 0.6.
C =Q =0.83 = —1.6 dB (40.04 dB due to p)

2nd order filter attenuates more rapidly than a 1st order filter.
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13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

KCL@ Y:

Y—X
1/ij’

Y —Z

_|_Y

—Z

1/ij’

R

=0

R=10k
| YA
L{ C |C X >_<._Z
| .
60n 60n 7]
mR=28k
m=2.8

[assume V. = V_ = 7]
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Sallen-Key Filter

13: Filters

e Filters R=1 Ok

@ 1st Order Low-Pass Filter Y
® Low-Pass with Gain Floor Z

@ Opamp filter X C |C ~ >—<
[ In.tegrator . 4{ | [Z]
@ High Pass Filter 60n 60n

® 2nd order filter

@ Sallen-Key Filter mR=2 8k

@ Twin-T Notch Filter m:28
® Conformal Filter i
Transformations (A)

oConforma.lIFiIter KCL @ Y 1/ — _|_ 1/ e _|_ Y Z — O [aSSUme V_|_ — V_ p— Z]

IS

Transformations (B)

® Summary j Y (]_ —'— QJ(URC) (]_ —1— ](URC) — X](URC

' E1.1 Analysis of Circuits (2017-10116) Filters: 13—-9/13
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Sallen-Key Filter

13: Filters

e Filters R=1 Ok

@ 1st Order Low-Pass Filter Y
® Low-Pass with Gain Floor Z

@ Opamp filter X C |C ~ >—<
[ In.tegrator . 4{ | [Z]
@ High Pass Filter 60n 60n

® 2nd order filter

@ Sallen-Key Filter mR=2 8k

@ Twin-T Notch Filter m:28
® Conformal Filter i
Transformations (A)

oConforma.lIFiIter KCL @ Y 1/ — _|_ 1/ e _|_ Y Z — O [aSSUme V_|_ — V_ p— Z]

Transformations (B)

® Summary jY(]_—'—Q](URC) (1 —1—](URC) :XJWRC
KCL@ Vy: ;22 + 575 =0

IS
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Sallen-Key Filter

13: Filters

e Filters R=1 Ok

@ 1st Order Low-Pass Filter Y
® Low-Pass with Gain Floor Z

@ Opamp filter X C |C ~ >—<
[ In.tegrator . 4{ | [Z]
@ High Pass Filter 60n 60n

® 2nd order filter

@ Sallen-Key Filter mR=2 8k

@ Twin-T Notch Filter m:28
® Conformal Filter p—
Transformations (A)

oConforma.lIFiIter KCL @ Y 1/ — _|_ 1/ e _|_ Y Z — O [aSSUme V_|_ — V_ p— Z]

Transformations (B)

® Summry =Y (14 2jwRC) — (1 + jwRC) = XjwRC
KCL@ V: R+1/ L = 0= Z(1+ jwmRC) =Y jwumRC

IS

' E1.1 Analysis of Circuits (2017-10116) Filters: 13—-9/13
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Sallen-Key Filter

13: Filters

e Filters R=1 Ok

@ 1st Order Low-Pass Filter Y

® Low-Pass with Gain Floor Z

@ Opamp filter X C |C ~ >—<
[ In.tegrator . 4{ | [Z]
@ High Pass Filter 60n 60n

® 2nd order filter

@ Sallen-Key Filter mR=2 8k

@ Twin-T Notch Filter m:28
® Conformal Filter i
Transformations (A)

e Conformal Filter KCL @ Y: % _|_ Y—Z _|_ YéZ — O [aSSUme V_|_ — V_ = Z]

Transformations (B) 1/_7' wC

® Summry =Y (1+2jwRC) - Z(1+ jwRC) = XjwRC
KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

wC

sub Y: zemBY) (1 4 2jwRC) — Z (1 + jwRC) = X jwRC

IS
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13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

R=10k
Y]
YA
L{ C IC X >_<
60n 60n 7]
mR=28k

KCL@Y: & 17 C+1/ C+Y Z — [assume V. = V_ = 7]
=Y (1+ QJwRC’) Z(1+ jwRC) = XjwRC

KCL@ Vy: 2= + 1/ — =0= Z(1+ jumRC) =Y jumRC

sub Y: zemBY) (1 4 2jwRC) — Z (1 + jwRC) = X jwRC
m(jwRC)?

= Z —
X m(jwRC)?4+2jwRC+1

IS
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13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

R=10k
Y
YA
L{ C IC X >_<
60n 60n 7]

mR=28k

KCL@ Y: % 4+ X=Z 4 Y;zZ =0 [assume V. = V_ = 7]

1/ij’

=Y (1 +2jwRC) — Z (1 + jwRC) = XjwRC
KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

wC

sub Y: zemBY) (1 4 2jwRC) — Z (1 + jwRC) = X jwRC

L Z_ ___ mQuwRCE (e
X m(jwRC)%+2jwRCH+1 (dw/p)242¢(dw/p)+1
Corner freq: p = ﬁ = 996 rad/s

IS
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Sallen-Key Filter

13: Filters

e Filters R=1 Ok

@ 1st Order Low-Pass Filter Y

® Low-Pass with Gain Floor

IS

® Opamp filter X C |C

® Integrator 4{ | !
@ High Pass Filter 60n 60n
® 2nd order filter

® Sallen-Key Filter
@ Twin-T Notch Filter m=2.8

Z
[Z]>

mR=28k

® Conformal Filter —

Transformations (A)

e Conformal Filter KCL @ Y: H _|_ Y—Z _|_ Y§Z — O [assume V+ = V_ — Z]

Transformations (B) 1/_7' wC 1/_7' wC

® Summary j Y (]_ —'— QJ(URC) — Z (1 —1— ](URC) — X](URC

KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

sub Y: 2 BY) (1 4 2jwRC) — Z (1+ jwRC) =

m(jwRC)? _ (iw/p)?
m(jwRC)?+2jwRC+1 — (3%/p)?+2¢(3w/p)+1

Z __
= £ =

Corner freq: p = \/mlRC = 996 rad/s, ( = % = pRC =

XjwRC
1 _
== 0.6
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Sallen-Key Filter

13: Filters

e Filters 0 R=1 Ok

@ 1st Order Low-Pass Filter

® Low-Pass with Gain Floor

|Gain| (dB)

20 Z
® Opamp filter ) X C |C >—<._Z
@ Integrator -40 4{ | * [ Z] :
@ High Pass Filter 100 1K 10K 60n 601]
® 2nd order filter w
@ Sallen-Key Filter mR=28k
@ Twin-T Notch Filter m=2.8

® Conformal Filter —
Transformations (A)

" Conon e KCL@Y: 15 +i5c+ 7 =0 [assumeV, =V_ = Z]
® Summry =Y (1+2jwRC) - Z(1+ jwRC) = XjwRC
KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC
sub Y: zemBY) (1 4 2jwRC) — Z (1 + jwRC) = X jwRC
.z _ m(jwRC)? _ (5/)?
X 7 m(jwRC)?4+2jwRC+1 ~ (iw/p)?2+2¢(3w/p)+1

Corner freq: p = \/mlRC = 996 rad/s, ( = % = pRC = = =0.6

3

' E1.1 Analysis of Circuits (2017-10116) Filters: 13—-9/13
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13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

|Gain| (dB)

-20

-40

R=10k
d /
L{ C C >_<._Z
| .
100 1K 10k 60n 60n 7]
L2 mR=28k
Asymptotes: (%) and 1 m=2.8 L
KCL@ Y: % };J_wi L Y;zZ =0 [assume V. = V_ = 7]

= Y (1 + 2jwRC) — Z (1 + jwRC) = X jwRC

KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

sub Y zUtiwmhic)

Corner freq: p =

omeo— (1 +2jwRC) — Z (1 + jwRC) = XjwRC
. Z _ m(jwRC)? _ (3/p)*
X m(jwRC)%+2jwRCH+1 (w/p)242¢(iw/p)+1

\/E:ILRC :996rad/S,C:%:pRC: 1

0.6

3

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13—9/13



-1

13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

|Gain| (dB)

-20

-40

R=10k
d /
L{ C C >_<._Z
| .
100 1K 10k 60n 60n 7]
L2 mR=28k
Asymptotes: (%) and 1 m=2.8 L
KCL@ Y: % };J_wi L Y;zZ =0 [assume V. = V_ = 7]

= Y (1 + 2jwRC) — Z (1 + jwRC) = X jwRC

KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

sub Y zUtiwmhic)

Corner freq: p =

omeo— (1 +2jwRC) — Z (1 + jwRC) = XjwRC
. Z _ m(jwRC)? _ (3/p)*
X m(jwRC)%+2jwRCH+1 (w/p)242¢(iw/p)+1

1 o o
TmRC 996 rad/s, ¢ = 50 = pRC = —

= 0.6

Sallen-Key: 2nd order filter without inductors. Can easily have gain >1.

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13—9/13
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13: Filters

Sallen-Key Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

® Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

|Gain| (dB)

-20

-40

R=10k
d /
L{ C C >_<._Z
| .
100 1K 10k 60n 60n 7]
L2 mR=28k
Asymptotes: (%) and 1 m=2.8 L
KCL@ Y: % };J_wi L Y;zZ =0 [assume V. = V_ = 7]

= Y (1 + 2jwRC) — Z (1 + jwRC) = X jwRC

KCL @ V! o + o5 = 0= Z(1 + jwmRC) =Y jumRC

sub Y zUtiwmhic)

omeo— (1 +2jwRC) — Z (1 + jwRC) = XjwRC

 Z _ m(jwRC)? _ (34/p)*
X m(jwRC)%+2jwRCH+1 (w/p)242¢(iw/p)+1
Corner freq: p = \/mlRC = 996 rad/s, ( = % = pRC = \/% = 0.6

Sallen-Key: 2nd order filter without inductors. Can easily have gain >1.

Designing: Choose m = C‘Q; C' any convenient value; R = S

pC”
]

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Twin-T Notch Filter

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

After much algebra:

Z
X

(14m)((2jwRC)*+1)

~ (2jwRCYZ+4(1—m)jwRC+1

C=27n
R=59k
m=0.9 —

Do not try to memorize this circuit
]

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

Z
X

(14m)((2jwRC)*+1)

~ (2jwRCYZ+4(1—m)jwRC+1

(1+m)((99/p)?+1)

— (9/p)*+2¢(5%/p)+1

C=27n
R=59k
m=0.9 —

Do not try to memorize this circuit
]

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

p:

(14m)((2jwRC)*+1)

Z __
X 7 (2jwRC)24+4(1—m)jwRCH+1

(1+m)((99/p)?+1)
(4w/p)?+2¢(3%/p)+1

2= =314,(=1-m=0.1

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z __
X 7 (2jwRC)24+4(1—m)jwRCH+1

_ (14+m)((Iw/p)?+1)
— (99/p)?42¢(3w/p)+1

p=5iz=314,(=1-m=0.1

Very low w: C' open circuit

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13— 10/13
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z _
X 7 (2jwRC)?4+4(1—m)jwRC+1

_ (4m)((9/p)?+1)
— (39/p)?+2¢(3w/p)+1

p=5iz=314,(=1-m=0.1

Very low w: C' open circuit
Non-inverting amp, % =1+m

C=27n R
R=59k ]
m=0.9 —

Do not try to memorize this circuit
]

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z
X (2ijC’)2—|—4(1 m)ijC’—l—l

_ (14+m)((Iw/p)?+1)
- (jW/p)2+2C(9‘w/p)+1

= 0.1

Very low w: C' open circuit
Non-inverting amp, % =1+m

Very high w: C short circuit

T%

C=27n

R=59k

m=0.9

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z __
X 7 (2jwRC)24+4(1—m)jwRCH+1

_ (14+m)((Iw/p)?+1)
— (99/p)?42¢(3w/p)+1

p=5iz=314,(=1-m=0.1

Very low w: C' open circuit
Non-inverting amp, % =1+m

Very high w: C short circuit
Non-inverting amp, % =1+m

X

LzR

C=27n
R=59k
m=0.9

Do not try to memorize this circuit
]

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z
X (2ijC’)2—|—4(1 m)ijC’—l—l

T%

_ (1+m)((jw/p)2+1) C=27n ]

(3«/p)2+2¢(3%/p)+1 R=59k L
P=53z=314(=1-m=0.1 m=0.9  —
Very low w: C' open circuit
Non-inverting amp, % =1+m
Very high w: C' short circuit
Non-inverting amp, % =1+m

2

Atw = p, (]w> = —1: numerator = zero resulting in infinite attenuation.

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z
X (2ijC’)2—|—4(1 m)ijC’—l—l

(14m)((7/p)?+1)

— — 5 ‘ C=27n
(99/p)*+2¢(I«/p)+1 R=59k
P=53z=314(=1-m=0.1 m=0.9  —
Very low w: C' opeanircuit micses | 2p
Non-inverting amp, £ =1+ m g o
Very high w: C short circuit 82
Non-inverting amp, % =1+m 40500 300 500
w (rad/s)
2
Atw = p, (]w) = —1: numerator = zero resulting in infinite attenuation.

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z __
X 7 (2jwRC)24+4(1—m)jwRCH+1

_ (4m)((9/p)?+1)
— (9w/p)?+2¢(3w/p)+1

=314,¢(=1-m=0.1

ol
P = 3rc

Very low w: C' open circuit

_ _ z m+1=56dB : 2(p _
Non-inverting amp, X = 1+m g Of

. . . = -20¢f
Very high w: C short circuit &
Non-inverting amp, % =14+m 40— 300 500

w (rad/s)
N2

Atw = p, (%) = —1: numerator = zero resulting in infinite attenuation.

The 3 dB notch width is approximately 2(p = 2(1 — m)p.

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Twin-T Notch Filter

After much algebra:

(14m)((2jwRC)*+1)

Z _
X 7 (2jwRC)24+4(1—m)jwRCH+1

_ (4m)((9/p)?+1)
— (9w/p)?+2¢(3w/p)+1

=314,¢(=1-m=0.1

1
D = 3Rre

Very low w: C' open circuit

_ _ z m+1=56dB : 2(p _
Non-inverting amp, X = 1+m g Of

. . . = -20¢f
Very high w: C short circuit &
Non-inverting amp, % =14+m 40— 300 500

w (rad/s)
N2

Atw = p, (%) = —1: numerator = zero resulting in infinite attenuation.

The 3 dB notch width is approximately 2(p = 2(1 — m)p.

Used to remove one specific frequency (e.g. mains hum @ 50 Hz)

Do not try to memorize this circuit

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain,

iImpedance ratio terms:

Vy

ZR_

JwRC, 2 ZL

ij Zr __

R

VA

Vo » can always be written using dimensionless
w2 LC.

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, “;—Y

can always be written using dimensionless

impedance ratio terms: @ = jwRC, < ZL = b g—g = —w?LC.
0
g-lo .
£ 20
&
-30
10 100 1k 10k
w rad/s
Ik
X Y
e o
L 1
dn [

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, “;—Y

iImpedance ratio terms:

Impedance scaling:

Scale all impedances by k:

ZR_

can always be written using dimensionless

JwRC, % ZL — j‘éL ZL — _,21.C.

b ZC
0
% -10 s
£ 20
o
-30
10 100 1k 10k
w rad/s
L) 1
4p

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, “;—Y

ZR_

iImpedance ratio terms:

Impedance scaling:

Scale all impedances by k:
R =kR, C'=k71C, L’

kL

can always be written using dimensionless
JwRC, 2 ZL = =

— Jub ZL = —w2LC.
c
0
g -10 N
£ 20
)
.30
10 100 1K 10k
w rad/s
1k 20k
X Y X Y
e H
L) 1 o 1
AT 2000
k = 20

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, “;—Y can always be written using dimensionless
impedance ratio terms: @ = jwRC, < ZL = b g—g = —w?LC.
. 0
Impedance scaling:
@ -10 N
Scale all impedances by k: € 0
©
R =kR, C'=k7'C, L' = kL S %
Impedance ratios are unchanged 10 100 1k 10k
w rad/s
so graph stays the same.
v lk g 20k y
e o e o
L L 3 L
4u | 200n |
k = 20

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, “;—Y can always be written using dimensionless
impedance ratio terms: @ = jwRC, ZL = j‘éL, g—g = —w?LC.
Impedance scaling: °
@ -10 S
Scale all impedances by k: %_20
R =kR, C'=k7'C, L' = kL S %
Impedance ratios are unchanged 10 100 1k 10k
w rad/s
so graph stays the same.
_ _ v lk g 20k y
(k is arbitrary) S e B
L L 3 L
4u | 200n |
k = 20

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, Vy

iImpedance ratio terms:

Impedance scaling:

Scale all impedances by k:

R =kR, C'=k7'C, L' = kL
Impedance ratios are unchanged
so graph stays the same.

(k is arbitrary)

Frequency Shift:

Scale reactive components by k:

v, can always be written using dimensionless
ZR = jwRC, ZL

_ JwlL Zp _ 2
R e = W LC.
0
g-lo N
£ 20
)
.30
10 100 1K 10k
w rad/s
1k 20k
X Y X Y
e H
& 1 L
4T 2000
k = 20
20k
Y
R
o |
200n [

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, % can always be written using dimensionless
. : . Zr _ Zp _ jwL Zp _ _ 2
impedance ratio terms: 7% = jwRC, Ze = R 7o — W LC.
. 0
Impedance scaling:
o -10 s
Scale all impedances by k: %_ZO
R =kR, C'=k7'C, L' = kL S %
Impedance ratios are unchanged 10 100 1k 10k
w rad/s
so graph stays the same.
_ _ v lk g 20k y
(k is arbitrary) S e B
® 1 L
4u | 200n |
Frequency Shift: - -
k = 20
Scale reactive components by k: y_20k g 20k y
R =R, C'=kC, L' = kL _F'ff L
200n] lw [
k

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

A dimensionless gain, % can always be written using dimensionless
i i . ZrR _ ; Zp _Jwlk Zp _ _ 2
impedance ratio terms: 7% = jwRC, Ze = R 7o — W LC.
. 0
Impedance scaling:
o -10 s
Scale all impedances by k: %_ZO
R =kR, C'=k7'C, L' = kL S %
Impedance ratios are unchanged 10 100 1k 10k
w rad/s
so graph stays the same.
_ _ v lk g 20k y
(k is arbitrary) S e B
® 1 L
4u | 200n |
Frequency Shift: - -
k = 20
Scale reactive components by k: y_20k g v 20k g
R =R, C'=kC, I' = kL Dﬁ T =71
= Z'(kw) = Z(w) 200n | [

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

g_y can always be written using dimensionless

_ JwL Zp _
R ' Zc¢c

A dimensionless gain,

iImpedance ratio terms:

Impedance scaling:

Scale all impedances by k:

R =kR, C'=k7'C, L' = kL
Impedance ratios are unchanged
so graph stays the same.

(k is arbitrary)

Frequency Shift:

Scale reactive components by k:

R =R, C'=kC, L' =kL
= Z'(k7lw) = Z(w)

Graph shifts left by a factor of k.

ZR —]wRC ZL

|Gain| (dB)

WALC.

1K 10k

: E1.1 Analysis of Circuits (2017-10116)
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13: Filters

Conformal Filter Transformations (A)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Vy

A dimensionless gain, v, can always be written using dimensionless
impedance ratio terms: @ = jwRC, Z ZL — J%L, g—g = —w?LC.

Impedance scaling:

Scale all impedances by k: %
R =EkR, C'=k7'C, L' =kL e
Impedance ratios are unchanged 10 100 1k 10k
so graph stays the same. @ radls
. : v lk g Y20k y
(k is arbitrary) A ! =1 L1
® 1 ® L
4u | 200n ]
Frequency Shift: - =
k=20
Scale reactive components by k: y_20k g v 20k g
R =R, C'"=kC, L' = kL QD _'__ ,D _f
= Z'(k7'w) = Z(w) 200n ] W]

Graph shifts left by a factor of k. - =
k=25
Must scale all reactive components in the circuit by the same factor.
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:
Change R’ = kL, C' =

L
kR
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:
Change R’ = kL, C’

=

ZR/
ch

1

|Gain| (dB)
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

. . 0
Change LR circuit to RC:
o -10 .
! __ ;1 =
Cha;ge R' =kL, C" = & 6%_20
R __ ey Jwl _ Zp ~
= Z e = JwR'C" = R — Zn = . . .
) 1k 10k 100k M
Impedance ratios are unchanged w rad/s
at all w so graph stays the same. 20m  y 20k y
grap y X X—— 7
¢ 1
1k In [

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13— 12/13



-1

13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:

Change R = kL, C' = ﬁ
Zpr - ' JwLl  Z
?ng—]WRC—T—Z—IL%

Impedance ratios are unchanged
at all w so graph stays the same.
(k is arbitrary)
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:

Change R’ = kL, C' =

ZR’ S
j ch o

k:R

. v gwLl _ Zp
JwR'C" = %= = 7=

Impedance ratios are unchanged
at all w so graph stays the same.
(k is arbitrary)

Reflect frequency axis around w,,,:

Change R’ = O —

Wi C” wmsz

0
g -10 .
£ 20
)
-30
1K 10k 100k M
w rad/s
20m 20k
X Y X Y
o
¢ ¢ s
1k In |
k= 106
20k
X, Y
=
¢ 1
In |

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13— 12/13



-1

13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:

Change R = kL, C' =

ZR’ S
j ch o

k:R

: L
JwR'C" = % —

ZrL
ZR

Impedance ratios are unchanged
at all w so graph stays the same.
(k is arbitrary)

Reflect frequency axis around w,,,:

/_
Wi C”C wmsz

" ()

Change R’ =

Zrpr (Wi
w

=

ch

0
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:

Change R = kL, C' = kR

Zpr - 1 jwLl _ Zp

Impedance ratios are unchanged
at all w so graph stays the same.
(k is arbitrary)

Reflect frequency axis around w,,,:

!/ /
Change R’ = = C, C'" = wmkR
Zr (W2 Z )

(a) Magnitude graph flips
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13: Filters

Conformal Filter Transformations (B)

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

Change LR circuit to RC:

Change R’ = kL, C' = kR

Zpr - 1 jwLl _ Zp

Impedance ratios are unchanged
at all w so graph stays the same.
(k is arbitrary)

Reflect frequency axis around wy,,

Change R’ =
L En 7 *
= Zes (%) - (Z_;(w)>

(a) Magnitude graph flips

(b) Phase graph flips and negates since /z* =

(k is arbitrary)

0
g -10 - N
£ 20
O
.30
1K 10K 100k M
w rad/s
20m 20k
X Y X Y
o
¢ ¢ s
1k In [
k= 106
20k 25n
X Y X || Y
] T ||
¢ 1 »
11’1__ 5k

: E1.1 Analysis of Circuits (2017-10116)

Filters: 13— 12/13



-1

13: Filters

Summary

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

e The order of a filter is the highest power of jw in the transfer function

denominator.
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13: Filters

Summary

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

e The order of a filter is the highest power of jw in the transfer function

denominator.

e Active filters use op-amps and usually avoid the need for inductors.

o Sallen-Key design for high-pass and low-pass.
o Twin-T design for notch filter: gain = 0 at notch.
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Summary

13: Filters

e e The order of a filter is the highest power of jw in the transfer function
@ 1st Order Low-Pass Filter denom|nator

® Low-Pass with Gain Floor

® Opamp filter

e Active filters use op-amps and usually avoid the need for inductors.

® Integrator

® High Pass Fiter o Sallen-Key design for high-pass and low-pass.
:i(.j.d,(y“;.t o Twin-T design for notch filter: gain = 0 at notch.

® Twin-T Notch Filter

b e For filters using R and C' only:

e o Scale R and C': Substituting R’ = kR and C’ = pC scales
—1

o Summary frequency by (pk) .
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13: Filters

Summary

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

e The order of a filter is the highest power of jw in the transfer function

denominator.

e Active filters use op-amps and usually avoid the need for inductors.
o Sallen-Key design for high-pass and low-pass.
o Twin-T design for notch filter: gain = 0 at notch.

e For filters using R and C' only:
o Scale R and C": Substituting ' = kR and C’" = pC' scales
frequency by (pk)_l.

and C/ = —1

) . . /I k
o Interchange R and C': Substituting R' = FooR

woC’
flips the frequency response around wq (Vk).

Changes a low-pass filter to high pass and vice-versa.
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13: Filters

Summary

o Filters

® 1st Order Low-Pass Filter
® Low-Pass with Gain Floor
® Opamp filter

® Integrator

@ High Pass Filter

® 2nd order filter

® Sallen-Key Filter

@ Twin-T Notch Filter
® Conformal Filter
Transformations (A)
® Conformal Filter
Transformations (B)

® Summary

The order of a filter is the highest power of jw in the transfer function
denominator.

Active filters use op-amps and usually avoid the need for inductors.
o Sallen-Key design for high-pass and low-pass.
o Twin-T design for notch filter: gain = 0 at notch.

For filters using R and C only:
o Scale R and C": Substituting ' = kR and C’" = pC' scales
frequency by (pk)_l.

] . . /I k ! 1
o Interchange R and C": Substituting R’ = 5 and " = -+

flips the frequency response around wq (Vk).
Changes a low-pass filter to high pass and vice-versa.

For further details see Hayt Ch 16 or Irwin Ch 12.
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