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Introduction

 Definition of a filter: A device (i.e.
quadripole) that selects a interval of
frequencies from an input signal, whose
amplitudes and phase can be modified.

* Analogical filters (signal is no discrete)

— Passive: made only with R,L and C

— Active: have also operational amplifiers,
transistors,...

* Digital filters (signal is discrete)
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Introduction

Classification according to the selected range of frequencies
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Transtfer Function H(s)

« Definition (Laplace Transform domain (£))

H(s) = Y(s) _ £[0.utput s.1gnal], X6) o LX9)
X(s) Llinput signal]

with initial conditions equal zero (v(0)=i (0)=0).

H(s) is independent of the applied signal.

Note that H(s)=Y(s) when x(f)= o(t), (h(f)=L[H)] is the impulse response).
* For example

I,(s) I(s) G, (s) = als) Z.(s) = V,(s)
£ DY Vi(s) I,
IVI(S) Filter V,(s) G, (s) = L,(s)  Y(s)= 1,(s)
. ® ]1(S) Vl(S)
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Transfer Function

« Example 1 — AN :

C
Vi(s) vas)

V L | 1
H](S) = 2(5) — sC = ' l
Vi (5) R+ C RC s+ RC
« Example 2 | If y
L
V(s) Va(s)
R
Va(s) R+ sL s? + 3s

H2 S = — —
) Vi(s) SL—!—ZR—I—% 52+%5—|—i

What kind of filter are they? >
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Poles and zeros of H(s)

« H(s) can be written as a fraction of two polynomials with
real-valued and positive coefficients:

H(S):KSM +a,, s" " +..+a, :KHM (S_Cm)

s +b, sN 44D, I1.6s-p.)

where ¢, and p,, are the zeros and the poles of the
transfer function:

lim{H (s)}— 0

s—c,,

lim{H (s)} — oo

S—> D

zeros and the poles can also be at s —»oo
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Pole-zero plot
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* The poles and zeros are usually represented in a
complex plane called the pole-zero plot to help to
convey certain properties of the circuit

« The poles and ceros are either real or complex
conjugated

* Poles are represented with “x”
« Zeros are represented with “0”
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Frequency response of the &%
Transtfer Function: H(w)
* Frequency response using sinusoidal signals,

then s=jw
(jo-c,) .
H(w)=K IHIM(jw_p )= H ()| exp(jp(w))
N n
where .
H(w)|= KI]:IIMJJZ)) "1 is the amplitude response,
Jio—p,
P(®) = arctan E:{Z EZQ is the phase response.

 |H(®w)| becomes high for wclose to p,
 |H(®w)| becomes low for wclose to ¢,
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Pole-zero plot and |H(w)|
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« Example 3

$76G Poles at s = p,, p,

(S—pl)(s—pz), Zero at s = ¢,

H(s) o<

Zero-pole plot

20
Pol t 145 I 1 The closer
oles at s =—1=% i
J 10 fd--n--- ):K-----X ______________ _ the PO|e .!:O
Zero at s=-5 I the imaginary
_________ T -
o G axis, the
Pol =—14j1 R T . 3 ’
Zoesats 5]0 g — 8 more
eroats=- R pronounced
e - is the
PP L | maximum
gl : : : X . . .
-10 -5 0 5 10 0 02 04 06 08

Re[S] IHOw)|



Circuit Analysis / Passive filters / Example pole-zero plot and H(w)

Pole-zero plot and |H(w)|
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« Example 1 :

—N\ WA

" e IV:M Data: R=1 kQ, C=100 pF
Zero-pole plot
L 10 B S
H(s)=—"—= : Y —
S + RC s+10 y ___________________________
Pole at s=-10 5 .............
Zero at s—oo 2 we
10 10 10 -------------
H ()= = exp(i@) il
JO+10 {100+ @’ N
—w = 150 5 0 5 150
Q= arctanﬁ - Rels)
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Pole-zero plot and |H(w)|

« Example2 1S
' Data: R=1 Q, C=1/5F, L=1 H
Vi(s) Va(s)
R
0 Zero-pole plot
2 +£ 8 H H
H(s) = zszRle _ S.(SH) e -
P22+ L (s+1-72)(s+1+j2) R R ARG S
Poles at s = —1£j2 z U; """""""""" z
Zeros at s = 0,-1 ] B
—W+jw N1+ @’ ol
H(w)= ———, |H(w)|= .
5-0’ +j2w \/(5_(02) LA e
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H(s) between (E,,R,) and R,

EEH; FILTRO Tvg{s} R, H(S) — V2 (S)
HdIs E, (5)
X — W .
E;{s}%} st ] : %
¢ — |Vils) R,

J—

Va(s) — Eg(s) Va(s)
aoET + sC Va(s) + R, =
Re+R
H(s) = Vals) _ R LeR,
Eg(S) Rg + Ry s2 + (L_}EL + %) s+ RLE.;ET.

12



Circuit Analysis / Passive filters / RLC passive filters %\ﬁé%

RLC passive filters
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« Low-pass filter
— 1st order
— 2nd order
» High-pass filter
— 1rt order
— 2nd order
- Band-pass filter (2nd order)

« Band-stop filter (2nd order)

13
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Example: Low-pass filer
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Example: High-pass filer
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Example: Band-pass filer
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Example: Band-stop filter
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ldeal amplitude response

4 [H{o)|
Low-pass filter
@, @
< Bp— =« BA -
A [H{o)]
High-pass filter
G, H
+— RBA—F =— Rp —»
4 [H(m)|
Band-pass filter | | h
.. M =
4 [H{w)]
Band-stop filter : _
(., ., St

PB: Pass band, AB: Attenuation band, @.: Cut frequency
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Impulse response of ideal filters
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« Ideal filters can not be implemented in practice

« The real filer have to be approached to the ideal filter
response using different methods

« The approached filters have not a constant response in
the PB and are not entirely zero in the AB

 There exist a transition band between PB and AB

 The order of the filter coincides with the number of
poles of H(s)

« The higher the order of the filter the close is his behavior
as an ideal filter

« To design filters, layout templates with the tolerance
margins are used

19
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Layout templates for filter design

 [H{w)|

As
L

o, o,
- BP = RT><— BA —>

Filtro Paso Bajo
[H(w)

= (1)

o Wy, f.-n.{.,
- BA —»€RT = BP 3% BT>< BA—>

Filtro Paso Banda

wp : Pulsacion de corte de la banda de paso

Ay Amplitud minima en la banda de paso

A

ey

A

-— BA — e Q> BP >
Filtro Paso Alto

L [H(o)

= (1)

W, o
- QPR

Filtro Banda Eliminada

[l:}.,.u [0.,.
BA 3= B> Bp —=

; : Pulsacion de corte de la banda atenuada

2 Amplitud médxima en la banda atenuada
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Examples of real filters

0.79
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Filtro paso bajo de Butterworth de orden 6

It

0.79

5T

(1| e e B

04F-

—__,___‘-“-‘-

Va

2 4 5 a6 7 B8 10 12
i rd
Filtro paso bajo de Chebyshev inverso de orden 4

[Hia)|

e
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n_4.... Tt
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T

Filtro pazo bajo de Chebyshev de orden 4

]

g

DG e e i
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o

Filtro paso bajo Eliptico de onden 3
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1st order low-pass filter
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* Transfer function H(s)=k
s+ o,

where @, is the cut frequency, at this frequency the attenuation of
the signal is 3dB:

oo APl |H@),, _
o lHw] T [H@], 2
-3 Hiew)
slH@),, =[H@)], 10" <
H(w)| =k —— :
\/a) +ar |
.

o (rad/s)

22
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Examples 1st order low-pass filter |

23
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1st order high-pass filter

AAAAAA
AAAAAAAA
AAAAAAAAAA

\)
s+,

 Transfer function H(s)=k

where @, is the cut frequency, at this frequency the attenuation of
the signal is 3dB:

L R L
_ o S SN e _
@], T He|, V2

-3 Ham)|
Hw) =H(w) 10% !
‘ “”“”C ‘ - el E— Filtro re uf’f

a) 1

‘H((())‘ =k \/wZ - a)2 iJﬂlu ideal

¢ o {radis) .
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Examples 1st order high-pass filter&

25
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2st order passive filters

Transfer function:

N6 N NG

s‘ras+a,  sTH2wps+w;, S+ Ps+,

H(s)=k

* N,(s): Polynomial of order <2

« & Damping coefficient

 w,: Characteristic frequency of the filter
« Q=1/(2%): Quality factor of the circuit

« For band-pass and band stop filters:
B = @, /Q: Band width of the circuit

k=|H(w)| (=H,) 2

max
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2nd order passive filters
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« With 2nd order filter the four type of filters can be
obtained (with 1st order only two)

* The poles of H(s) are:
Sp12 =—a)0(<§ij\/1—<§2 ):_%(1ij\/4Q2 _1)

« Depending on the value of ¢ (or Q) we distinguish the
following two poles:
— Real and different (§>1 or Q<1/2)
— Real and equal (§=1 or Q=1/2)
— Complex conjugated (E<1 or Q>1/2)

« Depending on N,(s) we have the following special
cases:

27
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2nd order filters
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W
- Low-pass filter  H(G) =k 54—

- High-pass filter ~ H(s) =k- 5 TR

W

Q:;

2 wn

L EE Qs—l—wﬂ

e Band-pass filter H(s) =k-

5 ‘I‘I:-U{]

- Band-stop filter  H(s) =k 5 F B+ o

28
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2nd order low-pass filter
2
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H(S) =k 2 @ Example:

s+ L s+ ar - .

Q 0 | F—/ﬂﬂﬂﬂ“ ) J—c'

\a,m‘ % T Iv;cs‘a
|H(w)| H(w)|

' —Q=1/4 15 : ' ' ©.-10

—r Q=1 — %

wy=10 Q=1/2 — =15
—mD=ED'

0 100 20 30 40 50 0 10 20 30 40 50

Cut frequency: (W 29
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2nd order high-pass filter
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2
\)
H(s)=k > @ Example:
S +—5+ a)g | C :
’ EX3
Vi(s) R L Vals)
H(w)| H . .
1.5 — 10 S
[!:I.“:l'u Qzl
k= 1
ko
J2 .
PGk —Q=1/4 |1
' —Q=1/2
! ‘—ﬂ=1
0 3 ' - : 0 0 - ] . .
0 51 0 20 30 40 50 0 10 20 30 40 50

Cut frequency: @ 30
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2nd order band-pass filter

wy < B
) S
H(S) =k > wQ y = k > > Example:
s+ s+, s”+ Bs + @, y )
Y L
‘r’.{s]= _|_ C %L ["u’:is:l
_ QH(m}f H(w),|
\ —Q=1/4 =
¢ o8l o B

=50 |

0.6}

0.4

0.2

Q=1

_— o
0 (10 {20 30 40 50 0

10 20 30 40 50
Cut frequencies: a)clﬂ a')c,z B=wy ,— @) , 31
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2nd order Band-stop filter
s*+ay

S2 + % S _|_ wg EXamp|e: Vi(s) I

AAAAAAAA
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H(s)=k

[H(w)| [H(w)!
k=1

0.8

0.6

0.4

: —
. @y=10 Q=50
o . o

0 110 (20 30 40 50 0 10 20 30 40 50

0.2

L))

) i i 32
Cut frequencies: WDc,1 Wepo B= Wc 2~ W, 1
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Examples 2nd order filters
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" R ——c [y H(s) = e F.P. Bajo
AEY T Vals) {;2 5% 1 gL 1
- - Y RC LC
» SZ
v.mr éﬂ %L [v:m H(S) = 5 ] ] F.P. Alto
! . 5= 4 R_CS + IC

: a1
Tt %L [vzm H(s) = RC” F.P. Banda

e oy L 1
5—|—RC5—|—LC

C

2 1
% T H(s) = L€ __ FBanda Eliminada
V() W "WEF" R V(s ( ) 52 4 ﬁj ol ﬁ
1

R
Siendo: wp = — ; Q = RwyC = —&,

VLC woL
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