Lecture 10: Filter Types
& Filter Design

Prof. Mohammed Hawa
Electrical Engineering Department
The University of Jordan

EE423: Communication Electronics

Filter Types

* Four main filter types:
— Low-Pass Filter (LPF).
— High-Pass Filter (HPF).
— Band-Pass Filter (BPF).
— Band-Stop Filter (BSF) / Notch Filter.
* Each one of these filters can be:
— Passive Filter (uses passive components).
— Active Filter (Amplifier allows gain > 1).
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Low-Pass Filter (LPF)

+ Symbol:

vi(t) — LPE (» vo(?)

vi(t) ) % L, o(b)

oilt) ! _\ L, vo(d)
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Frequency Response Function

Vo(w) | H(w) |

Hw) = Vi(w) 1 (or k)

-0 O o

| Vo(0) | = [H() | < | V(@) |

Y | Vi(o) |
f I ‘ ‘ I f o (rad/s
0 AN ( )
2nB
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Characteristics/Specifications

» Always centered at 0 rad/s.

* Bandwidth =
Cutoff frequency =
Corner frequency =
-3 dB frequency =
wo rad/s

vi(t) — LPF > (b

w/ Bandwidth =5 kHz

o = k. & Gain =2
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Gain

Ideal vs. Practical Filters

l«—— Passband —»| .5
Q
Attenuation
/ slope
«— Stopband —»
0 Frequency fe

Frequency
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Example: Passive First-Order LPF

R
+ — AW\ ° 4+
vi(t) c==  vot)
- o 6 - Galn == 1

wy =— rad/s

Bipr = f-3d48 = fo = Hz
2nRC
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Analysis: First-Order RC Circuit

W H@) = 72
+ o + w) =
Vi(w)
vi(t) c= ot
Vo(@) = 72— v (w)
- . - Zp(w) + Z¢(w)
1
* Neglect input impedance. Vo(w)  jwC
* Neglect output impedance. Viw) R 1
* Use voltage divider. + jwC
+ Common form:
1 1
H(s) = H = =
)= T3sre (@) = T3 70Re
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Normalization

1 1
H = = - =
@)= T¥jore Ao 12
0
RC
_— 1 1 1
S: = =
RCs+1 ++1 wi+1
= 0
RC)
H(s) = —
V=G D
1
HE) = o5

Assuming wy = 1rad/s, or anything while using normalized 3 (i.e., wﬂ instead of w).
0
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Gain [dB]

Frequency Response Function

10 1
o |H(w)| =
2
W
1 —_
10 *\wo
20t
30+ 0
401 10
-20
50t e
&30
60 ‘ ‘ ; ; ; &40
10 102 10" 10 10! 102 100 8
Normalized angular frequency (w / w) [rad/s] o -50
172}
2 60
70+
W -80
¢H(w) = —tan™! <—>
W

-90

0 103 102 107 10°

Normalized angular frequency (w / wo) [rad/s]
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Magnitude Response

10

o

-3 dB gai
Cutoff frequency 1 N gamn

L
o

20 Iog1 0(VoNi) [dB]
8

-30
Slope -20 dB/decade
1]
- -40
‘©
O 50
-60

10% 102 10" 10° 10! 102 10°
Normalized angular frequency (w / wo) [rad/s]
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Reminder: Using dB

Output Power

Gain = = % (unitless)
l

Input Power

Gain = 10 X log, (P") (dB)

P;
2

Py P V2 .
—[dB] = 10 X log; | = [unitless] | = 10 X logio [ | =] [unitless]
Py Py Vi

V2 Voo .

—[dB] = 20 x logyg | = [unitless]

Vi Vi
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Example: Actiye First-Order LPF

* Active Filter =
Two stages =
Passive Filter
followed by

Vour Amphfler

1
f3e= 2:R.C RF 1
L H =14+ — _—
(s) "7 )\ TT5RG

1
Bipr = f_34d8 = fo =m

) Rp
Gain=1+—
Rg
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Another Example Active LPF

and C components with

ﬁ e Active Filter = Passive R
Il Amplifier

o—AMMA\ Yout
+ —0 oo - (R 1
()= (R_1> (1 +s ch‘)

1
Bipr = f_3d = m

. 2
Gain = —=
ain R,
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Analysis

: LPF

R,
MW
O—VW—TD;_V%“

. Ne(%lect small input current
to Op-Amp terminals.

* Voltage difference between
Op-Amp input terminals is

small, assumed
» Use KCL.

Copyright © Prof. Mohammed Hawa

to be zero.

Vo(w)—0 Vi(w)—0 _
Zeq(w) ZR1 (w) B

Zp, (@) = Ry

Zeq(w) = Zp,()|Z¢(w)

R, x L
Zogw) =—J9C R
e« =T T T4 jwR,C
2wl
R, R,
T+ jwR,C
R,
v i
H(w) = g(w):1+]wR2C
Vi(w) —Ry

_ (=R 1
H(w) = ( R, )(1 +ijzc)

Electrical Engineering Department, The University of Jordan 15

Improving Response (See Ideal)!

10

0

-10

20 log ,(VoIVi) [dB]
8

Gain =
A
o

w

-60
107

102 107"

100

10" 102 103

Normalized angular frequency (w / wo) [rad/s]
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High-Pass Filter (HPF)

+ Symbol:

vi(t) — HPF

L To(t)

vi(t) —»

s volt)

vilt) ) /7

> o(t)
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Frequency Response Function

Vo(w)

1O =7 @)

| H(w) |

1 (or k)
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Characteristics

* Cutoff frequency =
Corner frequency =
, rad/s.

* Gain = k.

* No bandwidth defined
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Example Circuit: First-order HPF

+
p—
+

O

vi(t) R vo(F)

- | ') -

Gain =1

1
sRC wo = — rad/s

N
‘%\o H = —_—— RC
) = T 5Re

1

2nRC 17

fosag = fo =
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Band-Pass Filter (BPF)

+ Symbol:

vi(f) —| BPF

L To(t)

vi(t) —»

@

> To(f)

vi(t) —» /_\

> Vo(t)

Copyright © Prof. Mohammed Hawa
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Frequency Response Function

Vo(w)
Vi(w)

H(w) =

| H(w) |

1 (or k)
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Characteristics/Specifications

* Centered around center frequency o, rad/s.
* Bandwidth of filter = ®,- @, rad/s
* Gain=k.

vi(t) —{ BPF > vo(t)

w/ Bandwidth = 80 kHz
Center Frequency = 100 MHz
& Gain=1

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 23
L] L]
E le C f: LC Tank
xample C1rcult; an
+ — A +
ot) c=£ 1w
fc - ﬁ"es - Hz
2nVLC
R
BBPF = Af = _2 1 Hz
1T
Gain =1
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Cascading: HPF & LPF is BPF
Vo
H(s) = —

A
SIS

H(s) = H1(s) X Hy(s)
O/_\U_|

R

T

\

- T
* s
Wo,LPF > Wo,HPF
Copyright © Prof. Mohammed Hawa Electrical Engir Department, The University of Jordan 25

Band-Stop Filter
+ Symbol:

vi(t) —»

BSF

> Uo(f)

vi(t) —»

vi(t) —»

&

\J

mmed Hawa

> Uo(t)

> Volt)
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Frequency Response Function

Vo(w)

1O =7 @)

| H(o) |
1 (or k)

-0 -0 0 W o ®
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Example: Twin T Active Notch Filter

Vee+

R1 {

Input — ¢— Outpui
c3 R2
/I‘ Vce- I

R1=R2=2xR3=1.5 MQ

C1=02=%=110 pF

R3
C1

C2
R

for 1 4KHz

° 2mxR1xC1
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Another Notch: Add not Cascade

Vour
- Summing
Amplifier
R '
high-pass
: Wo,LPF < Wo,HPF
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 29
19 T T T T
Cutoff frequency
0 .
-3.01dB
-10 | .
Slope: -20 dB/decade
20 | -
)
2
<
T
© a0 |- E
40 |- N
-50 |- 1 1 -
Passband Stopband
-60 I 1 | Il Il
0.001 0.01 0.1 1 10 100 1000
Angular frequency (rad/s)
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Multi-Stage Design: Ladder Network

First RC Stage Second RC Stage
P N - \

AN

1 1 1
H(s) = -
) (1 +s R161> (1 +s ch2> (1+5sRC)(L+5 RyCy)

byps™ + by_1s™ ' + byst + by B(s)

H(s) = =
) ApS™t + ap_1s" 1+ ast+ay  A(s)

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 31

Ladder Network: LPF Order 1 to 5

1

M) =13 5re

1 1 1
Hy(s) = (1 +s RC) (1 + sRC) - (1+sRC)(1 + sRC)

1 1 1 1
Hs(s) = <1 +s RC) (1 + sRC) <1 + sRC) ~ (1 +sRC)(1 +sRC)(1 + sRC)

1
Hals) = TSRO + sROA + sRO) + 5RC)
1
Hs(s) =

(1 +sRC)(1 + sRC)(1 + sRC)(1 + sRC)(1 + sRC)
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Ladder Network: LPF Order 1 to 5

10 . :
z O 1
=2
= 10}
2
S
<20 1
o
o 30t 2
o
N
I
L 40
o] 5
O 50
-60 I L L \ I
10° 102 10 100 10° 102 103

Normalized angular frequency (w / wo) [rad/s]
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Vin

Just Be More Accurate

R,y Ry
—AM—— —
Ilf’ Ly+ * Z Zy
o W Vin Z3 Zy

T CQ —‘7‘/2 vrout
. . o

Vo Z4 Zeq

Vi Zy+2Zy Zog+24

Zeoq(w) = Z3||(Z2 + Z4)

v, 737,

Vi Z1Zy + Z1Z3 + Z1Z4 + ZoZ3 + Z32Z,4

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Accurate EquatiQn Or Employ Buffer

i SCon
‘/;Zn T Vl C2 T VZ n'u,t

14 Z3Z,

V, Z1Z5 +Z1Z3 + Z1Z4 + Z7Z3 + Z32Z,4

1 1
Zl = Rl,Zz = Rz,Z3 :S_C']_’Z4 :E

v, 1
H(s)=—= 5
Vi R1R2C1C25 + (R1C1 +R1C2 +R2C2)S+ 1
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 35
G
“ Gamx‘A‘z;=l+%

If Resistor and Capacitor
values are different:

Second Order »L
Active Filter — ¢—v
(Sallen—Key T
Topology) Cl)

If Resistor and Capacitor
values are the same:

c= —1
Je 2zRC

1 1
Zy=Ry,Zy =Ry Zy=—,Zy =—
1 1,42 2,43 C 4 SCZ
NG
&@@O( K=<1+R—A)
B
Q\O
K

H(s) Yo
S)=—=
Vi (R1R2C1C2) 52 + (R1C2 + R2C2 + (Rlcl(l - K))) S + 1

Electrical Engineering Department, The University of Jordan 36
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Notice Sallen-Key Topology
Variations (also LPF ys, HPF)

out

- W
P c) 10 kO

v 1
m = oVout

220nF 220 nF

RyS10kn
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Blocks: Get Desired Poles & Zeros

% First order
a=1 |::>
Second order

|::> second order |:: >
al, bl

Third order first order second order
|:> il 2, b2 |:: >
Fourth order second order second order
== al. bl 2. b2 =S
Fifth order first order second order second order
D al a2, b2

= :>
a3, b3
sixth order second order second order second order :“ >
':: = al, bl > a2, b2 a3, b3
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 38
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Practical Filter Response Shapes

 Butterworth filter: maximally flat amplitude
response.

* Chebyshev Type I filter: ripple in the
passband.

* Chebyshev Type II filter: ripple in the
stopband.

« Elliptic filter: much faster drop with ripple in

the passband and stopband.

* Bessel filter: maximally flat group delay.
Provides good linear phase.

* And more ...

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Example LPF Response Shapes

G Butterworth G Chebyshev type 1

00 05 10 15 20 00 05 10 15 20
£, i,

G Chebyshev type 2 G Elliptic

00 05 1.0 15 20 00 05 10 15 20
f/f, /1,

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Comparison

5 T
butter
0 - cheby1| 4
e cheby2
=L allip i
5 besself
10r
o
T-15r .
: I\
7200 |
=]
S 2 |\ \
S o5t . 4
2 o N
30| S _
‘ ||' L — X :
35| | // N
| /\ AN
-40 \ { _
A5 L L L L | Tl |II ' \1 L
0 0.5 1 15 2 25 3 35 4 45 5
Frequency (GHz)
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Filter Design Steps

1. Decide the requirements (specifications)
desired for the filter.

2. Find the transfer function that satisfies these
requirements (i.e., find B(s) and A(s))

by s™ + bp_1s™ "t + byst + by B(s)
a,s"+ a, 15" +a;sl+a, A(s)

H(s) =

3. Find the circuit or multi-stage circuits that
have this transfer function.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 42
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Cascading: Based on Poles & Zeros

First order ::

Second order

I::>

First order
a=1

second order
al, bl

I:>
I::>

Third order first order second order
|:\‘ > al a2, b2 I:: >

Fourth order second order second order
|:> al, bl a2, b2 '::>

Fifth order first order | second order second order :>
':: > al 1 a2, b2

a3, b3
sixth order
second order second order second order

|:> al, b1 =1 a2, b2 a3. b3 :>
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 43

Butterworth LPF order 1 to 5

=20F

—40F

A(w) /dB

—60

—80F

—100

L
0.01

0.1

Copyright © Prof. Mohammed Hawa

1 10
=
w/rad s
Electrical Engineering Department, The University of Jordan 44
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Butterworth 4,(s)
| n | ButterworthPolynomials A, (s) |

n
1 (s+1)
2 (s?+V2s+1)
3 (s+1D(s%?+s+1)=s3+2s>+2s+1
4

<52+ /2—\/§s+1>(52+ /2+\/§s+1)
5

) 2 )(2 1++5 )
(s+1)(s +—1+\/§s+1 s +—2 s+1

° (52+ /2—\/§s+1>(52+\/§s+1)<52+ /2+\/§s+1>

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 45

Or A, (s) = X7_o aps™ Coefficients

Butterworth Coefficients a; to Four Decimal Places

=]
)

n ap as as ay as ag ary ag . Qg .Cﬁm
o . . . | .
2|1 14142 1

31| 2 2 [ 1

4|1 26131 34142 | 26131 1

5|1 (32361 5.2361 | 5.2361 3.2361 | 1

6| 1 3.8637 7.4641 | 0.1416 7.4641 | 3.8637 1

7|1 44940 10.0978 14.5018 14.5918 10.0978 4.4940 1

8 | 151258 13.1371) 21.8462 25.6884 21.8462 13.1371 51258 | 1

9 | 1 57588 16.5817 31.1634 41.9864 41.9864 31.1634 16.5817 | 5.7588 | 1

10| 1]6.3925 20.4317 42.8021 64.8824 74.2334 64.8824 42.8021 204317 6.3925 1

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 46
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Poles on s-plane (pole—zero plot)
for Butterworth Order 1 to 4

n=1 n=2 n=3 n=4
- x
x
w4 /3 ;
* = — 4 ——
- 1 g
1 1 \ e
X
x X

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 47

For stability, we only use poles with
negative real parts (left half of s-plane)

A 3(s)

N e
S e X > i(s)
|4 0 —
et Y
«<—— stable region unstable region ——>
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 48
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Example: LPF Design

Q. Design a third-order Butterworth LPF with B = 340 Hz

1 1

H == =
(s) s34+2s24+2s+1 (s?2+s+1)(s+1)

1 1
(G2+35+1) (G+1D

H(s) =

H(s) =

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Second Stage:

MN

First-Order ° +

. C L
Vm ; Vou t

Passive LPF

v, 1 1
Vi RCs+1 i +1

xc)

H(s) =

fo = 338.6275 Hz

~ 2nRC

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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First Stage: J
Second-Order .zl
Actiye LPF

v, K
H(s) =—=
Vi (R1R2C1C2) SZ + (R1C2 + R2C2 + (R1C1(1 - K))) S + 1
H(s) Vo K
S)=—=
V; s s
i (I) +(3_K)<I)+1
RC RC
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 51
3—-K=1
R4
K=2=(1+2"
Rp
RA = RB
f 1 1
7 2mRC T 2m x 47 X 103 x 10 X 10~°
fy = 338.6275 Hz
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 52
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Final Solution: Two Stages

Q. Why active filter is first stage, not second stage?

G
10 nF
)
Al
Ry R, Vce
7kQ | 7k Rs
—AAN AN 47kQ
+ 'A%
+
v G 1 G _L
i 10nF T 100nF T Vout
Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 53
L L
* Inaladder network : : .
Vin N—7m Vout
(also called Cauer ‘
topology), we can & Ry
use L in addition to R
and C components, if T

needed.

* Determine the transfer function H(s) = V,/V; for the
above circuit.

¢ Show that it is a third-order Butterworth LPF.

+ Find the cutoff frequency for L, =15 H, C,=1.3333 F,
L;=0.5H, and R,=1 Q. Solution: wy = 1 rad/s.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 54
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Chebyshey Type I Filter

* The gain response G, (w), or the magnitude of the
transfer function H,,(s) evaluated at s = jw, of the
nth-order Chebyshev Type I LPF is:

1
V1 + T2 (w/w,)

Gn(w) = |Hn(]w)| =

* ¢is theripple factor.
* wy is the cutoff frequency.

* T,(x) is the Chebyshev polynomial of the first
kind and nth order.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 55

Chebyshey Polynomial

* Chebyshev polynomial of the first kind and nth
order satisfies the condition T,,(cos 8) = cos(nf)

= To(x) Ti(x) To(x) == Ta(x) == Ta(x)

-1.0 -05 0.0 0.5 1.0

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 56
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Chebyshey Type I LPF

10

-10

[
NN E N NN

G(w) / dB

v

TTTTTT I T[T T[T T I T TT I [TTIrfrrrT
1
A
o)
i

f=]
—
—
—_
<

w/ Wy
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Chebyshey Type I Poles

* The transfer function of Chebyshev Type I is:

R =
S) = —— —
2n 1Sm=1 (s = spm)

* The sy, poles are in the left part of the s-domain:

szjm

) 1 (1 (m2m-—1
= —sinh(—sinh™ [ -] |sin{ =
n £ 2 n
) 1 /1 m2m—1
+ jcosh{=sinh™ (=] |cos( =
n £ 2 n

e wherem=1,2,...,n.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 58
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Chebyshey Type I Poles (Order 4)

ve

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 59

MATLAB Can Calculate Poles

cheby1 2024
Chebyshev Type | filter design collapse allin page
Syntax

[b,a] = chebyl(n,Rp,Wp)
[b,a] = chebyl(n,Rp,Wp, ftype)

[z,p,k] = cheby1(__)
[A,B,C,D] = chebyl(__)

[ 1 =chebyi(__,"s")

Description

[b,a] = chebyl(n,Rp,uWp) returns the transfer function coefficients of an nth-order lowpass digital Chebyshev example

Type | filter with normalized passband edge frequency Wp and Rp decibels of peak-to-peak passband ripple.

[b,a] = chebyl(n,Rp,kp, ftype) designs a lowpass, highpass, bandpass, or bandstop Chebyshev Type | filter, example

depending on the value of ftype and the number of elements of Wp. The resulting bandpass and bandstop designs
are of order 2n.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 60
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Chebyshey Type II Filter
(Inverse Chebyshev Filter)

. _ 1 _ 2T (wo/w)
Hn )] = 1 _\/1+£2Tnz(a)o/a>)
J T wo )
1
Spm

) 1 (1 (m2m-—1
= —sinh(—sinh™ [ -] |sin{ =
n £ 2 n
) 1 /1 m2m—1
+ jcosh{=sinh™ (=) |cos( =
n £ 2 n

* Less popular than Type L.

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Chebyshey Type II Gain

=
=]

o

=
o

N
=

Gain (dB)

W
S

A
S

Passband

&
S

D

o
'__.-——‘
—

1.0 /6,10

e
=

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan
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Ex: bth Order Chebyshey HPF

3612k, 1.38k
—|
— 10n
10n 10n 10n 10n 4 456k
28170k 170219k —

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 63

Homework:
Unity-Gain N A

Sallen—-Key °_”__”} Eﬁ
Actiye HPF Nk

v, s?2
H = — =
© Vi 24 (btl),, 1
chlcz R1R2C1C2
1% R,R,C;C,) s>
H(S) :_o ( 1241 2)

V;  (RiRzCiCy) 5?2 + (RiCy + RiCy) s + 1

Copyright © Prof. Mohammed Hawa Electrical Engineering Department, The University of Jordan 64
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Filter Specification Diagram

G (f) (dB)
A

G T
PV

LI

"N\

Copyright © Prof. Mohammed Hawa

Jo

_'}; » J (Hz)
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Analog Devices Filter Design Tool
https:/ /tools.analog.com/en/filterwizard /

2 5EGES | Analog Filter Wizard

&

Tool:
& R = U 8 0O o
Filter Type Next Steps Load Save Feedback  Videos Help
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Gain 0|aB v 10.0
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0o | Gan=0d8
e
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B.me
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" 00 40 48 down
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Analog Devices Filter Design Tool
https:/ /tools.analog.com/en/filterwizard /

D44 | Analog Filter Wizard

B O el 0 e

Filter Type Next Steps

LowPass; 5th order Buttenworth Bessel 0.02; 10kHz passband
Voltage Supplies o View: | Circuit

Stage A
15t order
e v Low-Pass
v S|V Buffered ARG

Load

@}

Tool¢
H = @ ()
save Feedback  Videos Help

Low Power
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Microchip FilterLab

Fiter Specification I Fiter Parameters | Circuit | Fiter Specification Filter Patameters I Circuit |
[ =
& Lowpass Passband Altenuation E] &8
£ Hichpaaz Stopband Attenuation [20 B
" Bandpass Passband Lower Frequency 1000 Hz =
Passband Upper Frequency IEIJUD IHz 'I
Stopband Lower Frequency i]Uﬂ Hz =
Overall Filter Gain: |1 WA Stopband Upper Frequency: lEmDD |Hz vI
JEEN| |
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Microchip FilterLab

Filter Design ] x|

Fiter Specification | Fiter Parameters  Citcuit |

Stage 1 I Stage 2 I Stage 3 ] Stage 4|

Topology: ISaIIen Key 'l
Capacitar I 'I E

To change a capacitor's In c11__|: Out
default value first select =

the capacitor at right then

select the desired value

above,

" ExactValue ‘

0K I Cancel I
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MATLAB Filter Designer

Fie Edit Analysis Targets View Window Help
D&k a~il DENOE2 0B (W
-Current Fiter information —Fiter
Mag. (dB)
Structure:  Direct-FormFR LR
Order. 50 0 Apesis
Stable: Yes T
Source:  Designed T
Acion
) ! 1(H2)
" Filler lanager .. ) Fpass Fatop i
— Response Type —Faer ora Frequency —Magntute
@ |Lowpass - Specify order. |10 unis: [z - Unis: [gp =)|
) Highpass X
Bandpass ) M ovdor Foc 4000 Apass |1
) Bandstop i Fpass 9600 astop (80
Differentiator - Densiy Factor 20 Fstop 12000
{—Design Method.
["@ R | sutierworth -
@ @ FR |Equirpple &
&
Ready
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Ladder network
Z/2 Z Z Z V4
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Passiye ...

X Section (mid-T-Derived) X Section (mid-M-Derived)
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... and Active

* Multiple feedback topology (MFB)
(active filter).

.||_
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ICs Allow More Op-Amps

* Common Tow-Thomas biquad filter
topology.

R2
AAA
yyy
R3
AAA
Yvy
Cl c2 R6
Il Il AAA
11 L ey
R1 R4 R5
Input o—vWW— VWA - VWA -
+ +
L] o
— Band-pass = = Low-pass
output output
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Filters in ICs

+ Akerberg-Mossberg biquad filter topology.

A

R/k

Input  O—AWW-

Band-pass
output = Low-pass
output

» Switched-capacitor IC-based analog filters.
* Mechanical filters, etc.
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DSP: FIR (finite impulse response)

B(Z) - bo +bl.2$_l +b22;_2 +...+sz—N
A(Z) B 1+arlz_1 +a,22_2 —|—--._|_ajuz—ﬂff

H(z) =
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