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Active filters

Electronic filters are circuits with signal processing functions,

they remove unwanted frequency to enhance wanted ones.

Electronic filters can be:

« passive or active (LC (SAW -Surface Acoustic Wave) OR with active elements
e.g. Op-Amp)

« analogue or digital (Digital Signal Processing) or switched capacitor
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Active filters realization

Active filters can be realized as:

« continuous time filters - analogue filters

« switched capacitor filters
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Active filters

Frequency specification:
 high-pass,

* low-pass,

« band-pass,

« band-stop (band-rejection; notch),

«+ all-pass (usually specific phase transmission)
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Low-Pass filter
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High-Pass filter

\ passband

stopband

1
cutoff frequency
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Band-Pass filter

A,
passband
stopband stopband
: : >
f1 f2
cutoff frequencies

f2-f1 = bandwith
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Band-Stop filter

A

passband

passband

stopband

v

f2 1
cutoff frequencies
f1-f2 = stop-bandwith
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All-Pass filter

(phase depends on frequency)

passband
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Passband and Stopband attenuation
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Active filters -

shape of transfer function

« Chebyshev (I i Il kind (inverse))
« Eliptic (Cauer)

* Bessel (Thompson)

« Butterworth - Thompson
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Order of a filter

O e T
J

n = number of capacitors and inductances (LC - filter)
n = number of capacitors (RC - filters)
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Butterworth approximation

pass-band max flatness

f [log]

max flatness of pass-band
Roll-off = 20*n dB/decade
Roll-off = 6*n dB/octave
-for low & high -pass

-1 for stop & pass -band |
Phase/impule response = acceptable
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Chebyshev (l) approximation

pass-band rippels

f [log]

>

No.Rippels =n/2

Roll-off > 20n dB/decade
Roll-off > 6n dB/octave
Phase/impule response = bad " .
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Invers Chebyshev (Il) approximation

stpop-band rippels

S
>

f [log]
No.Rippels =n/2
Roll-off > 20n dB/decade
Roll-off > 6n dB/octave
Phase/impule response = bad "«
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Eliptic (Cauer) approximation

stpop & pass -band rippels

f [log]
Roll-off > 20n dB/decade
Roll-off > 6n dB/octave
Phase/impule response = bad
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Bessel approximation

---linera phase

f [log]

\ Roll-off < 20n dB/decade
Roll-off < 6n dB/octave
Phase/impule response = v.good
Time delay = flat v. frequency .
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Bessel approximation

---linera phase

Phase[deg]

O[Hz]

f [linear]

180[deg]

360[deg|
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6th order filter attenuation

messssm——) octave

T
3 14

Bessel
Butteworth 3 36
Chebyshev 3 63
Invers Chebyshev (I1) 3 63
elliptic 3 93
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Step response
Buttewoth, Chebyshev (1)
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Time delay
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band- pass Butteworth

f [log]
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band- pass Chebyshev

f [log]

T 1 -
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band- pass inver Chebyshev (ll)

(invers Chebyshev filter)

f [log]

>
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band- pass elliptic

f [log]
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band- pass Bessel

f [log]

>
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band- stop Butteworth

f [log]

>

13.03.2024

W? Wroclaw University of Technology

band- pass Chebyshev

f [log]
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band- stop inver Chebyshev (ll)

f [log]

v
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band- stop elliptic

f [log]
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band- stop Bessel

Patas)

f [log]
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Filter approximation
general features

Type passband| stopband | Roll-off | Step
response

Bessel flat monotonic  poor best
Butterworth flat monotonic  good good
Chebyshev rippled monotonic v. good poor

In.Chebyshev (I1) flat rippled best poor
Elliptic (Cauer) rippled rippled best V.poor
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Active filter
implementation
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Active filters - introduction

Transmittance:

U, (s) _as"+a, s"" +..+a, a H(S_Z’)

m i

out
(s)= U,(s)  bs"+b, s +.4b, b (s—pj)

in

J
a;, b; - real numbers

2Z;, p; - zeros and poles of transmittance

H(s)=|H(w)exp[jp(w)]

[H(s)| - amplitude transmittance

@(s) - phase transmittance
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Active filters - introduction c.d.

Transmittance factorization:

Degree of N(s) < degree of M(s) < 2

For M(s) = 2 biquadratic section:

e (s)— a,s’ +a;s+a, _ Nk(s)
T S wbis+b,  $P+bs+b,

13
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Cascade of biquadratic filters

s> +bs+b,

s> +bs+b,
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Active fi

Biquadratic section can be expressed

H,(5)=— )

lters - intro

as:

where: p;,p; - poles of the transmittance

For quality Q>1/2 poles are complex numbers

a,
- _0
Pip =

. @, 3 .
+j 40" -1=0, % jo
207720 € I
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Active filters - intro

Real and imaginary parts are:

Dumping factor:

14
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Active filters - intro

When denominator is writen in he form:

o,
P +bs+by =57 +—2s+w,

Parameters Q (quality) and wj (characteristic frequency)

_ib
0=

o =By

by, b, - real coefficients
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Interpretation of Q and w,

— 20 dB/dek

@,
loeg> §T+—85+w,
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Interpretation of Q and w,

X
i

&
L
v
o

=42/2

+ 20 dB/dek

logw

o
sS+—2Ls+aw]
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Interpretation of Q and w,
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Interpretation of Q and w,

o
s =5+’
0.

log

2 Wy 2
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Filtry aktywne - wprowadzenie

Q, = *° - eliptic filter with transfer function:

5 —5 +1
; [
HBR(S)_H(J 72
@] s S
o, Qo
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Active filters - factorization of

LP - prototype filter

Transmittance factorization:

order of N,(s) < order of My(s) <2

For order M(s) = 2 biquadratic section, or =1 first order section:

H,(s)= ———r0 H,(s)=—"—
((s) a;s’> +bs+1 R i)
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Filters transformation

T A4S*+BS+1

i

Low pass filter

f [log]

1 \
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LOW - HIGH pass

S5 High pass filter
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LOW - BAND PASS

S—)L(S+l]
AQ S

NE

Band pass filter

f [log]

\
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LOW - BAND STOP

f [log]

>
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Filters transformation

Low pass filter
And all othe kinds of 1

filters

W,
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Cascade of biquadratic filters

4.(s)
s*+bs+b,

Z,(s)

sS4+ bs+b,
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LP, BP, HP sections

A,

i

a[sZ +bs+1

As

i

as’ +hs+1

45

aisz +bs+1

as+1

as+1
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1st order high pass filer
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U, R sCR _
"TU R+ Y . sCR+1
U, R+AC SCR +1
R 1 111
TR+ V140 ) - T
R Ve 1 Vincr Hﬁe%) 1+%a, 1+%/-
1
N =2
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1st order low pass filer

1
4 =Y _ Ac __
" u, R+%C 1+ jsCR
1 1 1 __ 1
fz_zerc

—= 17: .y:
— 1 1
1+ja)y + o, Jr]f2

RC
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Active filters

Sallen - Key low pass implementation

C1

R1 | R2

Uwe

co2 = Uwy

R4
R3

20
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Sallen - Key low pass implementation

Transmittance:
1+R,/R,
U, (s) RR.CC,
Hils)=, (s) I 1 RJR 1
S+ + +A gy
RC RC  RC, RR,CC,
where:
N
P o JRR,CC,
h = —F/— =
JRR,C,C, L, 1 RJR
RC RC  RC,
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Sallen - Key high pass implementation

c1 | C2

p—a—it
_—
Uwe!
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Sallen - Key high pass implementation

U, (s) (1+R,/R,)s’

Hyp(s)=—2
Un () sz+[ 1,1 +R4/R3js+ !
RZ Cl RZ CZ Rl Cl Rl RZ C] CZ
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Sallen - Key band pass
implementation
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Sallen - Key band pass

implementation

1+R,/R,
—_—S
H (S) - Uour (S‘) = RICI
BP
Uals) o (1, 1, 1 RJR) ., R+R
RC, RC, RC, RC RR,R,CC,

R +R,
o= | RtR 5 V &R, RCC,
)y = =
R R,R,C,C, 1 N 1 N 1 +R4/R3
Rl Cl R3 CZ R3 C’1 RZ Cl
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LOW PASS
multiple negative feedback
R2
c2
R1 R3 F
Uwe@?‘:H T
C1= Uwy

R4 l
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LOW PASS

multiple negative feedback

RZ/RI
I (Y)=Uw(s)= R,R,C,C,
TN RS -

1 1
—t+—+
Rl RZ R3 RZ R3 Cl CZ

R, R, R,

-1
1 C,( [R, [R, JR.R
@, — = 2 R e R 23
" rrce  © { [
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HIGH PASS
multiple negative feedback
R2
c1 c3
Uweg‘
RA1 Uwy
R3
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HIGH PASS

multiple negative feedback

Transfer function:
U,.(s) -C,/C, s’

H §) = —ou -
A TR O e R
CZ C3 CZ C3 Rl RZ CZ C3

where:

-1
1 R[ C c |
Wy = B R G O O T L)
VRR,C,Cy Q |: R, {«/CZC3 C, C,
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BAND PASS
multiple negative feedback
R3
R1 c2
Uweé } N,
R2 Uwy
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BAND PASS

multiple negative feedback

s

H (S):Uam(s): RC
" Uuls) sz+s[ ! L J+%
R3C] R3C2 R]R2R3C1C2
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LC
resonant circuit (serial)
Af
""" iz S
(¢} L r
fo= ! 2
* " 2nVIC 1
fo
fo ol f- [log]
Q= E = 90°
450
-45° f - [Hz]
-9Q0
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LC

resonant circuit (paralel)

Af

|Z/R|(JH

1/12

f - [log]
90°
45°
-45° f - [Hz]
.900
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Q-factor definition

S ——
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Band pass
Ui Af
n H[dB] [—M
-3dB |
t
Uout o f
e fa
s 900
\/— 450
/- t
-45° f
: -90°
— =1/ f
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BAND STOP

c1

R&
R3

R1 c2

R7 Uwy
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Active filters-multiple negative feedback

Transmitancja filtru:

R R
HBR(S)z _[RAHBP(S)*'RiﬁJ
51 52

Przy czestotliwosci sSrodkowej ®=0,

V
‘Hsp(wzwox =1;

=

H,, =—1
po=-0,)=7 d
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BAND STOP (NOTCH FILTER)

Cl=C2=C
R4=R3=R
R2=RI=R'

5= Yme

26
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ALL PASS FILTER

D(s)
s —bs+b
H — 1 0
(s) s> +bs+b,
|Hk(s)|=1
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phase shifter
(all pass filter of 1st order)
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IR
Hﬁfa»—{/f D L L=B/s

»8 B=H/s B=sL

—————— % H=sB=s2L

H=I=B=L S2L=1I-sL-L

Lo B__s W
I s2ts+] | " s2+s+1 | s2+4s+1

27



‘%;J Wroclaw University of Technology

Biquadrgtic monolithic universal filter

UF42 by TI (state variable filter)

HP Out BP Out Lpout
o f /,
" A
i2 10 s i e .
Ry
soia
R,
. sk c [
o —W—t If
] e i
=

T

Note: If R = 50k, the extemal gain-seting
esistor can be eliminated by comnocting Vi, 10 pin 2

w}—w;/
/‘;
H
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Switched capacitor filter

% ,_do _duc) _uc,

=UC
dt dt T, s/s
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Switched capacitor circuits

Switched Capacitor Seharmafie e
Resistor Emulation Schematic EL)]‘F'\Kﬂ:l:"‘I‘
Circuit eslslance
4 &
g —% T
Parallel W(t) CI V(1) ol
9 4
X ¢ -2 T
Series e vy (1) T
- -
4, 4
—
Series-Parallel ?ﬁ b _r
S \[u; & Le, »im T+G
4 4
Bilinear g & 2 T
) a,I/e, Y ic
L A p)
Springer
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C switched filter

c Transfer function

Uwe

—o —»
F—0 ——»
[=
2
<
g |2
|
a8 | =

Where: = RC
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C switched filters

c
-
U, 1
f—»
T s v,, ]
Uwe
Cs TUWY
¢ n
1 l l r:CRZAST:fC :2#
S¥S AN
n_C
2 Cy
7 =(50+200)"
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C switched integrator
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C switched integrator

s
u, sC
C n
t=CRysy =———=
fsCs 245
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»8 B =H/s B=sL

" H=sB=s2

H=I-B-L S2L=1-sL-L

l._t  B__s o2
| s2+s5+1 | s2+s+1
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4 biquadratic filters with switched

capacitors in LTC1064 by LT

HPANA B oA
15 (o) ©
[] [] []
WA
2 . 5
© H} »
Ela
© mw» =
HPENE B 1pB
[e) &) )
1 e L] []

‘“Va“‘D—:* . B’ b

+

PC
® L] L]
NV G wra
2 D_ B 3 @ H H
-+ N
HPD BPD LPD
14 15) (18)
0 o L] L]

o Lo
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Switched capacitors filter

fs -> k*fs

NTS]

fs -> k*fs
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Application note of LT(now AD)

switched capacitor filters

Worth to be read:

https://www.analog.com/media/en/technical-
documentation/application-notes/an40f.pdf
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Problems

. Q-factor of a bandpass filter ?
. Types of filters (band stop, b. pass etc.)

N =

3. Types of frequency response of filters
(Bessel, Butterworth, Chebyshev, Eliptic
(Cauery)),

4. Biquadratic filter (biquadratic section)

5. General idea of C-switching filters
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