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A filter is a circuit whose gain varies with frequency. Often a filter aims to
allow some frequencies to pass while blocking others.

0 Radio/TV: a “tuning” filter blocks all frequencies
except the wanted channel

O Loudspeaker: “crossover’ filters send the right
frequencies to different drive units

O  Sampling: an “anti-aliasing filter” eliminates all
frequencies above half the sampling rate

— Phones: Sample rate = 8 kHz : filter
eliminates frequencies above 3.4 kHz. [Wikipedia]

O Computer cables: filter eliminates interference
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1st Order Low-Pass Filter
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X —_— 1/ij —_— 1 = — 1 R
X R+1/juc = jwRCH1 241 X Y
—_— —._
.o — o] = L _
Corner frequency: p = |a] e P
: D
Asymptotes: 1 and y 0
Very low w: Capacitor = open circuit e
Very high w: Capacitor short circuit =20
-30 O.Ilp p 16p
 (rad/s)

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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Low-Pass with Gain Floor

13: Filters

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

X - R—|—1/ij _
X 4R+1/jwc

jwRCH1 _ 241

 JwdRCH1 — iw g

1 1

Corner frequencies: p = 17=, ¢ = 55

Asymptotes: 1 and i

Very low w:

Capacitor = open circuit
Resistor R unattached. Gain =1

Very high w:

Capacitor short circuit

|Gain| (dB)

x 3R Y
R
C__
O.iq p q 16q
w

Circuit is potential divider with gain 201og;, + = —12dB.
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Opamp filter
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Inverting amplifier so

Y _  3R||[(R+Yiwc) _  3R(R+Yjwc)
X R ~ T Rx(BRtR+/jwo)

. R+1/jwc JwRCH+1

3 X IRT00 = 9 X j0dRCOTT

Same transfer function as before except x — 3 = +9.5dB.

Advantages of op-amp crcuit:
1. Can have gain > 1.

2. Low output impedance - loading
does not affect filter

3. Resistive input impedance - does
not vary with frequency

|Gain| (dB)

10¢

O.iq p q 16q
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Integrator

13: Filters v 1/ij 1
Filters X — — R = — W
1st Order Low-Pass

Filter ]

Low-Pass with Gain Ca paCItOFZ 1= Cd’vo
Floor - . C

Opamp filter 1 = =<+~ = —(, =<

> Integrator R dt

High Pass Filter dy -1

2nd order filter dt ﬁx

Sallen-Key Filter

Twin-T Notch Filter
Conformal Filter
Transformations (A)

Conformal F.i|ter y(t) —

Transformations (B)

t d =1
I Hdt = =5 O:cdt

RC 0 Lodt + y(0)

Summary

Note: if x(t) = coswt

[ cos(wt)dt = L sin(wt) = gain o<

We can limit the LF gain to 20 dB:

Y _ _10R||1/jw0 . 10Rx1/jwcC
X R — T R(O0R+jwc)
_ 10 _ 0.1
jwlORC+1 (Wc = RC)

|Gain| (dB)

_[*
20
0
-20 . . -
0.1 1 10
wRC
10R
R | |C !
A = Y
[P
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High Pass Filter
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Summary

Y _ R __ jwRC

X = R+1jwc T jwRC+1

Corner Freq: p = 5=

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:

Z _ Rp JwRC
X = (1 T RA> X JwRCHI

|Gain| (dB)

s 2
R Ry

— H
Ry

—1—

O.ip p lé)p
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2nd order filter

13: Filters Y __ Ro+jwlL C R

Filters X 1o+ R LR o L 1

1st Order Low-Pass /j ity X4| Y
E:\tlve-rPass with Gain — LC’(jw)2—|—R2 Cjw 10“ 110 10
Floor LC(]W)2+(R1+R2)CJW+1 R2
Opamp filter . .

Integrator — J wC (.7 wL+ Ry )

High Pass Filter LC(gw)2+(R1+R2)CJw+1 L=<0.1

> 2nd order filter
Sallen-Key Filter

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

Conformal Filter Asymptotes: ]CURQC and 1

Transformations (B) _ 0
Summary Corner frequencies: %-20
+20dB/dec at p = % = 100rad/s S
—40dB/dec at oo m ok
¢=+/%= \/T_C = 1000rad/s §
Damping factor: ( = bng\/%Z) = 20 2 (R +Rp)C =0.6.

Gain error at q is % =@ =0.83 = —1.6 dB (40.04 dB due to p)

Compare with 1st order:
2nd order filter attenuates more rapidly than a 1st order filter.
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Sallen-Key Filter

= 0 R=10k
1st Order Low-Pass @ )4
E“te.rp ith Gai s C C Z /
(I=)I°:|:1 filter 9-40 X4| I ! [Z] >_0_
|n:egr:tor 100 1K 10K 60n 60n
High Pass I.=i|ter ® ' 2 mR=28k
e Asymptotes: (£)" and 1 m2s L
Twin-T Notc-h Filter v_x v_ 7 v_ 7
o ay  KCLQ@Y: 22 + 4o + 5> =0 [assume Vy = V0 = 7]
S T ® =Y (1 +2jwRC) — Z (1 + jwRC) = X jwRC
Summary _ . .
KCL @ Vy: 5 + —c = 0= Z(1+ jumRC) = Y jumRC
1+jwmRC . . )
Sub V: zUHemEL) (1 4 2jwRC) — Z (1 + jwRC) = X jwRC
— Z _ m(jwRC)? _ (e /p)?
X m(jwRC)?*+2jwRC+1 (G /p)242¢(dw/p)+1

Corner freq: p = ﬁ =996 rad/s, ¢ = % = pRC = \/% = 0.6

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

o _ 2. : >N
Designing: Choose m = (~<; C any convenient value; R = Tok
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Twin-T Notch Filter
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Summary

After much algebra:

7 (14m)((2jwRC)*+1)

X ~ (2jwRC)2+4(1—m)jwRC+1

_ (14m)((Fw/p)?+1)
 (99/p)?+2¢(3w/p)+1

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

Very low w: C open circuit

_ _ 7 m+1=56dB_: 20p;

Non-inverting amp, £ =1+ m Z o
. . . '% -20¢
Very high w: C' short circuit S
Non-inverting amp, % =1+m 9200 300 500
w (rad/s)
N2

At w = 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
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Conformal Filter Transformations (A)
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Summary

A dimensionless gain, V—j{ can always be written using dimensionless

ot
: - . Zp _ Z, _ jwL Zp, _ . 2
impedance ratio terms: ﬁ = jwRC, Z; = JR : Zé = —w*LC.
Impedance scaling: _ °
3 -10
Scale all impedances by k: £ .20
R/ — kR, Cl — k_lc, L/ — kL 9_30
Impedance ratios are unchanged 10 100 ) ik 10k
so graph stays the same. " e ok
(k is arbitrary) S R R N e 4
L - o L
4T 2000
Frequency Shift: - -
AHeney k =20
Scale reactive components by k: v 20k g v 20k g
R =R, C'"=kC, L' =kL o e v e
= 7'(k'w) = Z(w) 2000] ]
Graph shifts left by a factor of k. = o =

Must scale all reactive components in the circuit by the same factor.
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Conformal Filter Transformations (B)
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Summary

Change LR circuit to RC: R
Change R = kL, C' = = <
= ZR’ = jwR'C’ = J%L — gg = |
1k
Impedance ratios are unchanged
at all w so graph stays the same. Xrd Y
(k is arbitrary) dwwﬂ
1k
Reflect frequency axis around w;,,: k=
1 X
Change R = 5, C' = 4 ¢
A, w?n 7 * ln__
-7 () = (W) =

(a) Magnitude graph flips

(b) Phase graph flips and negates since Z2* = —Zz.

(k is arbitrary)

100K ™
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Summary

13: Filers e The order of a filter is the highest power of jw in the transfer function
Lst Order Low-Pass denominator.

liter

ow-Pass with Gain . . . .

Floor | = e e Active filters use op-amps and usually avoid the need for inductors.
I‘:f:::ti'“ o Sallen-Key design for high-pass and low-pass.

High Pass Fiter o Twin-T design for notch filter: gain = 0 at notch.

2nd order hiter

sallen-Key Fileer e For filters using R and C only:

o ey () o Scale R and C: Substituting R' = kR and C’ = pC scales
S frequency by (pk) ™",

P Sy o Interchange R and C: Substituting R’ = wfc and C" = ﬁ

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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