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What are analog filters?

Analog filters are frequency-selective circuits that are
used to amplify or attenuate a single sinusoidal signal
component or a portion of the signal frequency spectrum

Passband is a range of frequencies in which the
sinusoidal signals are amplified or passed without
considerable attenuation

Stopband is a frequency range in which the sinusoidal
signals are significantly attenuated

Specification is the required minimum and maximum of
attenuation or amplification, along with corresponding
edge freqguencies of passbands and stopbands



What Is analog filter design?

Analog filter design is a process in which we
construct an electrical circuit that
meets the given specification

Design starts with the specification and it
consists of four basic steps:

1. approximation

2. realization

3. study of imperfections
4. implementation

There is an infinite number of circuits that meet
the specification; therefore, the filter design is
by no means unique



Classic filter design

If requirements are
not met, realization
step (new circuit) or
the approximation

step must be redone
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Specification example

Assume we want to design an analog lowpass filter that
passes signals over the range 0 <f<F, and
attenuates signals for f > F; > Fj

Range 0 <f<F_is passband, and f > F, is stopband;
Fis passbanci) edge frequency and
F. is stopband edge frequency

We require that attenuation
In passband must not exceed A, dB
In stopband should be no less than A, dB

A, Is maximum passband attenuation
A, Is minimum stopband attenuation

Four quantities that specify lowpass filter
S={F,, F, A,, A} Is the lowpass specification



Approximation step

« Approximation step: we construct filter
transfer function H(s), which is a rational
function in the complex frequency s

« Attenuation approximation function, simply
attenuation, A(f) = —20 log,,|H(J2~rf)|, must
satisfy the specification S

0<A(f) <A, 0= f=<F,
Ay = A()), Fs < f



Realization step

« Realization step is the process of converting
the transfer function into a circuit (sometimes
called the realization)

« Designers are interested in realizations which
are economical, simple, cheap, with small noise
and distortion, and with high dynamic range and
which are not seriously affected by small
changes in the element values (tolerances,
temperature and humidity variations, aging drift)

« Numerical values of the elements are calculated
from the transfer function



Study of imperfections

* |n practice, the filter is implemente
with nonideal elements

« Designer must accomplish the
study of imperfections which inc
tolerance analysis and study of
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high-precision expensive components, then the
designer has to choose another transfer function
and reevaluate realization or approximation steps



Implementation step

In the implementation step a device called the
product prototype, also called the
Implementation, is constructed and tested

Cost of the mass production depends on the
type of components, packaging, methods of
manufacturing, testing, and tuning

The best implementation is a device
with no need for tuning

If the requirements are not met, then the
realization step (new circuit) or the
approximation step must be redone



Analog filter classification (1)

Lowpass filter passes signals over the range
0 <f<F, but attenuates signals for f> F; > F,

nghpass filter passes signals for > F, but
attenuates signals over the range 0 <f < F <F,

Bandpass filter passes signals for F; <f<F,

but attenuates signals for
0<t<Fy<Fjyandf=F,>F,

Bandreject or bandstop filter passes signals
for0<f<F,<Fgandf>F;,>F,
but attenuates signals over the range F,, <f<F,



Analog filter classification (2)

Allpass filter or phase equalizer passes
signals without attenuation and
shapes the phase response

Lowpass-notch filter rejects signals at
frequencies f = f, but passes signals at |
nigh frequencies (f >> f,) with some attenuation

Highpass-notch filter rejects sinusoidal signals
at frequencies f = f, but passes signals at
ow frequencies (f << f,) with some attenuation

Amplitude equalizer or bump filter
slightly amplifies or attenuates signals
over a range of frequencies




Decomposition of transfer functions

* To reduce the sensitivity of a transfer function
with respect to deviations of the element values
and to simplify the tuning process of the filter, it
IS preferable to realize the filter by a cascade of
the first-order and second-order filter sections

« Cascade approach consists of realizing each of
the sections by an appropriate circuit and
connecting these circuits in cascade

* Overall transfer function is expressed as a
product of first-order and second-order functions



Optimum cascading sequence

* After a transfer function is decomposed into
first-order and second-order functions designer
has to choose the optimal cascading sequence

« For the maximal dynamic range, the optimal
sequence of the second-order filter sections is the
sequence in which the preceding section has
lower Q-factor than the following section

« If the input signal contains an undesired signal
with very large amplitude, this signal has to be
filtered out by the very first section, which should
have a transfer function zero at the frequency of
the undesired signal



Production yield

Before the filter is manufactured, the effects of
manufacturing tolerances and component
Imperfections have to be analyzed

Designer should predict variations of the filter
performances and the production yield

Yield is the ratio of (a) the number of
manufactured filters satisfying the specification
to (b) the total number of manufactured filters

High yield is desirable for profitability




Sensitivity

The simplest way to predict the yield Is to use the
concept of sensitivity assuming that the component
changes are small

Single-parameter o sF = *i 98
relative sensitivity of a function F ax;
Expected relative variation AF 3 oF DX
in function F X

=1

Example: If a sensitivity is 1, then a 1% change in the
variable (component value) will cause a 1% change in
the function; when a sensitivity is zero, then any change
In variable will not affect the function



Upper limit of the relative variation

« Worst-case method gives the absolute relative variation
assuming that all changes are at their extreme

AF o Ax;
—_— \ J—
F Y

n
=1

« Schoeffler criterion method is closer to the variation
obtained by statistical computations

worst case

AF
F

Schoeftler \ i—1

* Monte Carlo method relies on extensive simulation of
the filter realization (circuit) with randomly chosen
element values



Osetljivost amplitudske funkcije
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Amplitudska funkcija - pol

The sensitivity of the magnitude response to the pole magnitude is
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Amplitudska funkcija - pol
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Amplitudska funkcija — Q-factor

the sensitivity to the pole Q-factor is
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Amplitudska funkcija — Q-factor
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Najgori slucaj
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Osetljivost slabljenja

Ax; 200 o CAX; e AX;
AG(w) ~ SO0 = M) T00 o g 686 sMl@) =




Osetljivost na nule prenosa
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Sumarna osetljivost
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Osetljivost je O!

AM (w) GMiw) AX AXx w @
_ L qUr e
I'W({L” I:t’;'F' Z Z

AR B AC Ax
R  C  x
AM(w
Temperaturni = (
koeficijent je isti M ()

a suprotnog znaka



Tolerancije elemenata

x = xo(1 4+ )

Xt | Xg
0o T Moo
Gausova x; = 3000 (y,)%.

distribucija



Temperaturne promene

X = xo(l + a,AT)
I'=1Ty+ AT

Sobna o, = 100 - 1076 1/K

temperatura

temperature coetficient of 100 ppm/K



Efekti starenja

X = xp(l + ﬁj-\/ﬁ

By 1s In ppm/yr



Vrednost | relativha promena

x = xp(l 4+ Yx + ay AT + ﬁx\/F}

,ﬁr
= v, + 0, AT + B/t
Srednja .l’g.
vrednost
Ax
M=) = 1(yx) + (@) AT + (BT
X0
Standardna

devijacija Ax
o (r—) VO r)? + (0(a) AT)? + (0 (B)*
A0



Proizvod osetljivost-pojacanje
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Example specification and design

Fp = 3400; Fs = 5000; -

Ap = 1; As = 20;

[n, Wn] = cheblord(Fp, Fs, Ap, As, 's') R

[z,p,K] = cheblap(n, Ap); a0l

Q — (—abs(p)./(2*real(p))); = m, = 11292, (1, =0.78455

w = round(abs(p)*(2*pi*Fp)); = br

D1 =11 w(1)/Q(1) w(1)"2]; 10}

D2 = [1 w(2)/Q(2) w(2)"2]; |

N1 =w(1)"2; N2 = w(2)"2; l

z f ig?{gp%é%?iéonv (N 1N 2) |:IIII_-_-=__—1EEIEI Eﬁﬂﬂ flEI:IIEI s000 BO00
- ) , 1 f (Hz)

Fplot = 6000;

f = 0:Fplot/200:Fplot;
H = freqs(N,D,2*pi*f);
M = -20*log10(abs(H));

'1,f1 }_{1
subplot(2,1,1) <l <]
plot(f,M,[0 Fp Fp],[Ap Ap As],'r--',...

[Fs Fs Fplot],[0 As As],'r--") * o il s I
xlabel(‘'f (Hz)"); ylabel('A (dB)") 11 11,
subplot(2,1,2) <] <]

drawschematic(0,0,4,5,8,'b")



Example sensitivit

Pole magnitudes and Q-factors
decreased by 10%:
passband specification violated

Pole magnitudes and Q-factors
increased by 10%:
stopband specification violated

See the Matlab script
Lecture06sens.m

y analysis
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Signal Generator Control 2] AnadigmDesigner2 - Biquad.ad?
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Stopband
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simulation
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Feak Amplitude irerential Qffzet
2 | Vol 0| vals
Freguency Phage
10k| Hz 0| Degrees

Comman kMode Offzet

2 | Walts

Digplay Data  “aoltz Per Divizion  Poszition Yoltage

1ev |2 [ ]2

I Ehannel 2 1 ¥ ' |2 .,
Channel 3 | ! !
_Charnel 4

Channel 4 1 1

Time Per Division: | 100 ps : Time:

End  2.000 ms Giid ” [_Cusor ”

oo ooohoocoodoo o oo SED

Bl - - - - -

Start:




Set CAM Parameters

AMw1 Standard [Sumliy 1.71.01: [nverting Sum Stage

|nztance name and clock frequency

Instance Mame: | Sumireyd
CLOCKA [kHz] 0

Cak Ophions
[nput 3 0

Cét Pararneters
Pararneter:
Gain 1 [Uppernput]
Gain 2 [Middlel nput]

Gain 3 [Lowerlnput]

Anadigrn Approved ChkM
M otes Syrnbal
xxxxxxxxxxxxxxxxxxx'w'&'HN|NGxxxxxxxxxxxxxxxxxxx
[t iz not recommended to in this Cak's clock [CLOCKA]
: at a frequency greater than 4 MHz.
xxxxxxxxxxxxxxxxxxx'w'&'HN|NGxxxxxxxxxxxxxxxxxxx
(%) 0On
Adder and gain
Implementation
Walue: Lirnitz: Realized
0 00100 To 100 0100
nAa 00100 To 255 0.500
1 00100 To 255 1.00

O

Cancel

Help

Drocumentation

C Code...




Set CAM Parameters

AMw21 Standard [Integratar 201 [nteagratar Anadigrn Approved ChkM
|nztance name and clock frequency M otes
Instance Mame: | Integratar]
CLOCEA [kHz] 2~ ok
Cancel
Help
Cak Ophions
Feset i) Mane () Poszitive Signal i) Megative Signal D ocumentation
Folarity (%) Mon-inverting () Inverting
[rput 5 ampling (*) Phaze 1 (O Phase 2 I n teg rato r C Code...
Implementation —
Cabk Parameters
Parameter: Walue: Lirnitz: Realized

Integration Const. [1/us] 0.03 0.02500 To 5.695 0.0300
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Set CAM Parameters

AMw21 Standard [FilterBiquad 1.4.0): Biquadratic Filter

|nztance name and clock frequency

Instance Mame:  |FilterBiquad!

CLOCKA (kHz) 3
Cak Ophions

Filter Type (®) Low Pazs

Input 5 ampling (*) Phaze 1
Cabk Parameters

Parameter:

Corner Frequency [kHz]
Gain

[uality Factaor

M otes

4

Walue:

3.3763

3.569

*Thiz iz an inverting filker.® See the tranzfer function in the

Cabd Documentation,

() High Pass
() Phaze 2

Lirnits:

0.500Ta 26.0

0.0740 To 100
0.0500 Tao 70.0

Anadigrn Approved ChkM
Syrnbal
ok
Cancel
Help
i) Band Pazs () Band Stop D ocumentation
st hi
1 blquad C Code...

Implementation

Realized
338
1.00
3.56




Set CAM Parameters

AMw21 Standard [FilterBiquad 1.4.0): Biquadratic Filter

|nztance name and clock frequency

Instance Mame:  |FilterBiquadz

CLOCKA (kHz) 3
Cak Ophions

Filter Type (®) Low Pazs

Input 5 ampling (*) Phaze 1
Cabk Parameters

Parameter:

Corner Frequency [kHz]
Gain

[uality Factaor

Anadigrn Approved ChkM
M otes Syrnbal
*Thiz iz an inverting filker.® See the tranzfer function in the
Cak Documentation,
~ ok
Cancel
Help
() High Pass i) Band Pazs () Band Stop D ocumentation
() Phaze 2
nd hi
. 2 blquad C Code...
Implementation
Walue: Lirnitz: Realized
1.75972 0500 To 25.0 1.80
1 0133 To 100 1.00
075455 0.0835 To 700 0784
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