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T(x) =
1

1+ x2n

avec x = !  / ! C""
et ! C)F)4&+,$/:#)3().:&4&'()G)5H32)
"

Afin de synthŽtiser le filtre, il est nŽcessaire dŽterminer une fraction rationnelle T(s) qui 
admette T(x) pour module. 
Pour cela on factorise le polyn™me CVRW"c"!"o"Rf/ ""

(cas n impair) 

P(x) = (x+j) (x-j) (x+a+jb) (x+a-jb) (x-a-jb) (x-a+jb) (É 

 = (1+x2) [(x+a)2+b2] [(x-a)2+b2] [É  

P(x) appara”t ainsi comme le carrŽ du module du polyn™me P(s) suivant (s=jx) : 

P(s)  = (1+jx) [b+j(x+a)] [b+j(x-a)] [É  

 = (1+s) (b+s+ja) (b+s-ja) (É  

 = (1+s) [(b+s)2+a2] [É  

 = (1+s) (a2+b2+2bs+s2) ("T"
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3.2 Ordre et pulsation caractéristique d’un filtre 13

n P(s)

1 (1+ s)

2
�
1+1.414s+ s2

�

3 (1+ s)
�
1+1.000s+ s2

�

4
�
1+1.848s+ s2

��
1+0.765s+ s2

�

5 (1+ s)
�
1+1.618s+ s2

��
1+0.618s+ s2

�

6
�
1+1.932s+ s2

��
1+1.414s+ s2

��
1+0.518s+ s2

�

7 (1+ s)
�
1+1.802s+ s2

��
1+1.247s+ s2

��
1+0.445s+ s2

�

8
�
1+1.962s+ s2

��
1+1.663s+ s2

��
1+1.111s+ s2

��
1+0.390s+ s2

�

9 (1+ s)
�
1+1.879s+ s2

��
1+1.532s+ s2

��
1+1.000s+ s2

��
1+0347s+ s2

�

10
�
1+1.975s+ s2

��
1+1.782s+ s2

��
1+1.414s+ s2

��
1+0.908s+ s2

��
1+0.313s+ s2

�

TAB. 2: Quelques polynômes de Butterworth

fmy / octobre 2004 Chap 1 - Eléments de filtrage analogique
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T (x) = 1
1+ ! 2Cn

2 (x)

Remarque : pour ce type de rŽponse la frŽquence de normalisation est dŽfinie ˆ 
Ð10 log (1+"2) qui vaut Ð3dB uniquement pour "=1.""

20 4 FILTRES DE TCHEBYCHEFF

n P(s) pour r = 0.5dB= 1.059 ou ! = 0.3493

1 (1+0.349s)

2
�
1+0.940s+0.659s2

�

3 (1+1.596s)
�
1+0.548s+0.875s2

�

4
�
1+2.376s+2.806s2

��
1+0.330s+0.940s2

�

5 (1+2.760s)
�
1+1.230s+2.097s2

��
1+0.216s+0.965s2

�

6
�
1+3.692s+6.370s2

��
1+0.719s+1.695s2

��
1+0.152s+0.977s2

�

7 (1+3.904s)
�
1+1.818s+3.939s2

��
1+0.472s+1.477s2

��
1+0.112s0.984+ s2

�

8
�
1+4.981s+11.36s2

��
1+1.037s+2.788s2

��
1+0.335s+1.349s2

��
1+0.086s+0.988s2

�

n P(s) pour r = 1.0dB= 1.122 ou ! = 0.5089

1 (1+0.509s)

2
�
1+0.996s+0.907s2

�

3 (1+2.024s)
�
1+0.497s+1.006s2

�

4
�
1+2.411s+3.579s2

��
1+0.283s+1.014s2

�

5 (1+3.454s)
�
1+1.091s+2.329s2

��
1+0.181s+1.012s2

�

6
�
1+3.722s+8.019s2

��
1+0.609s+1.793s2

��
1+0.126s+1.009s2

�

7 (1+4.868s)
�
1+1.606s+4.339s2

��
1+0.392s+1.530s2

��
1+0.092s+1.007s2

�

8
�
1+5.010s+14.23s2

��
1+0.876s+2.934s2

��
1+0.276s+1.382s2

��
1+0.070s+1.006s2

�

TAB. 3: Quelques polynômes de Tchebycheff

Chap 1 - Eléments de filtrage analogique fmy / octobre 2004

avec " un nombre et Cn(x) un polyn™me dŽfini par : 

C0(x) = 1 ; C1(x) = x ; 
Cn+1(x) = 2 x Cn(x) - Cn-1(x) 
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1122149
(a) Sallen-Key 2nd-Order Active Low-Pass Filter

1122150
(b) Multiple-Feedback 4th-Order Active High-Pass Filter.

Note that there are more capacitors than poles.
ಘಘ
ಘ
ಘ

1122151
(c) Multiple-Feedback 2nd-Order Bandpass Filter

1122152
(d) Universal State-Variable 2nd-Order Active Filter

ಘಘ
ಘ
ಘ

FIGURE 32. Examples of Active Filter Circuits Based on Op Amps, Resistors, and Capacitors

Switched-capacitor filters are clocked, sampled-data sys-
tems; the input signal is sampled at a high rate and is pro-
cessed on a discrete-time, rather than continuous, basis. This
is a fundamental difference between switched-capacitor fil-
ters and conventional active and passive filters, which are
also referred to as “continuous time” filters.
The operation of switched-capacitor filters is based on the
ability of on-chip capacitors and MOS switches to simulate
resistors. The values of these on-chip capacitors can be
closely matched to other capacitors on the IC, resulting in in-
tegrated filters whose cutoff frequencies are proportional to,
and determined only by, the external clock frequency. Now,
these integrated filters are nearly always based on state-vari-
able active filter topologies, so they are also active filters, but
normal terminology reserves the name “active filter” for filters
built using non-switched, or continuous, active filter tech-
niques. The primary weakness of switched-capacitor filters is
that they have more noise at their outputs—both random
noise and clock feedthrough—than standard active filter cir-
cuits.

National Semiconductor builds several different types of
switched-capacitor filters. The LMF100 and the MF10 can be
used to synthesize any of the filter types described in Section
1.2, simply by appropriate choice of a few external resistors.
The values and placement of these resistors determine the
basic shape of the amplitude and phase response, with the
center or cutoff frequency set by the external clock. Figure
33 shows the filter block of the LMF100 with four external re-
sistors connected to provide low-pass, high-pass, and band-
pass outputs. Note that this circuit is similar in form to the
universal state-variable filter in Figure 32(d), except that the
switched-capacitor filter utilizes non-inverting  integrators,
while the conventional active filter uses inverting  integrators.
Changing the switched-capacitor filter's clock frequency
changes the value of the integrator resistors, thereby propor-
tionately changing the filter's center frequency. The LMF100
and MF10 each contain two universal filter blocks, capable of
realizing all of the filter types.
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1122153

FIGURE 33. Block diagram of a second-order universal switched-capacitor filter, including external resistors connected
to provide High-Pass, Bandpass, and Low-Pass outputs. Notch and All-Pass responses can be obtained with different

external resistor connections. The center frequency of this filter is proportional to the clock frequency. Two second-order
filters are included on the LMF100 or MF10.

2.4 Which Approach is BestÑ
Active, Passive, or Switched-
Capacitor?
Each filter technology offers a unique set of advantages and
disadvantages that makes it a nearly ideal solution to some
filtering problems and completely unacceptable in other ap-
plications. Here's a quick look at the most important differ-
ences between active, passive, and switched-capacitor
filters.
Accuracy:  Switched-capacitor filters have the advantage of
better accuracy in most cases. Typical center-frequency ac-
curacies are normally on the order of about 0.2% for most
switched-capacitor ICs, and worst-case numbers range from
0.4% to 1.5% (assuming, of course, that an accurate clock is
provided). In order to achieve this kind of precision using pas-
sive or conventional active filter techniques requires the use
of either very accurate resistors, capacitors, and sometimes
inductors, or trimming of component values to reduce errors.
It is possible for active or passive filter designs to achieve
better accuracy than switched-capacitor circuits, but addition-
al cost is the penalty. A resistor-programmed switched-ca-
pacitor filter circuit can be trimmed to achieve better accuracy
when necessary, but again, there is a cost penalty.
Cost:  No single technology is a clear winner here. If a single-
pole filter is all that is needed, a passive RC network may be
an ideal solution. For more complex designs, switched-ca-
pacitor filters can be very inexpensive to buy, and take up very
little expensive circuit board space. When good accuracy is
necessary, the passive components, especially the capaci-
tors, used in the discrete approaches can be quite expensive;
this is even more apparent in very compact designs that re-
quire surface-mount components. On the other hand, when
speed and accuracy are not important concerns, some con-
ventional active filters can be built quite cheaply.
Noise:  Passive filters generate very little noise (just the ther-
mal noise of the resistors), and conventional active filters

generally have lower noise than switched-capacitor ICs.
Switched-capacitor filters use active op amp-based integra-
tors as their basic internal building blocks. The integrating
capacitors used in these circuits must be very small in size,
so their values must also be very small. The input resistors
on these integrators must therefore be large in value in order
to achieve useful time constants. Large resistors produce
high levels of thermal noise voltage; typical output noise lev-
els from switched-capacitor filters are on the order of 100 �éV
to 300 �éVrms over a 20 kHz bandwidth. It is interesting to note
that the integrator input resistors in switched-capacitor filters
are made up of switches and capacitors, but they produce
thermal noise the same as “real” resistors.
(Some published comparisons of switched-capacitor vs. op
amp filter noise levels have used very noisy op amps in the
op amp-based designs to show that the switched-capacitor
filter noise levels are nearly as good as those of the op amp-
based filters. However, filters with noise levels at least 20 dB
below those of most switched-capacitor designs can be built
using low-cost, low-noise op amps such as the LM833.)
Although switched-capacitor filters tend to have higher noise
levels than conventional active filters, they still achieve dy-
namic ranges on the order of 80 dB to 90 dB—easily quiet
enough for most applications, provided that the signal levels
applied to the filter are large enough to keep the signals “out
of the mud”.
Thermal noise isn't the only unwanted quantity that switched-
capacitor filters inject into the signal path. Since these are
clocked devices, a portion of the clock waveform (on the order
of 10 mV p–p) will make its way to the filter's output. In many
cases, the clock frequency is high enough compared to the
signal frequency that the clock feedthrough can be ignored,
or at least filtered with a passive RC network at the output,
but there are also applications that cannot tolerate this level
of clock noise.
Offset Voltage:  Passive filters have no inherent offset volt-
age. When a filter is built from op amps, resistors and capac-
itors, its offset voltage will be a simple function of the offset
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peut le constater sur les diffŽrentes implŽmentations prŽsentŽes ˆ l'annexe III. 
On montre par ailleurs qu'on obtient la sensibilitŽ minimale si les deux capacitŽs 
sont choisies identiques et si toutes les rŽsistances sauf une sont Žgales ˆ une 
valeur R0, avec : 

)/(10 CR p!=  (5.23) 

La rŽsistance restante est calculŽe pour fixer la valeur du facteur de qualitŽ : 

)/(0 CQQRR pppq !==  (5.24) 

 

Fig. 5.6   Schéma général des cellules à haut  Qp 

L'examen de cette derni•re relation montre la grande facilitŽ de rŽglage de Qp. 
En pratique, il n'est pas nŽcessaire de rŽaliser exactement la valeur R0 : il est 
plus facile d'utiliser une valeur standard Rd proche de R0. De plus, cette 
diffŽrence entre R0 et Rd peut •tre composŽe par une simple rŽsistance Rc dans 
le circuit de valeur : 

dc RRR /2
0=  (5.25) 

Ces circuits sont donc faciles ˆ rŽgler. On montre par ailleurs qu'is sont optimum 
du point de vue de la sensibilitŽ, qu'ils prŽsentent de plus un minimum de bruit 
et un maximum de dynamique. Leur inconvŽnient est de nŽcessiter deux amplis 
opŽrationnels, ce qui en augmente le prix et la consommation. 

5.3 La section du second degré généralisée 
La structure des cellules du second degrŽ prŽsentŽe jusqu'ˆ prŽsent dŽpend de la 
fonction de transfert rŽalisŽe par cette cellule. Il existe Žgalement une cellule du 
second degrŽ universelle qui, pour une structure figŽe, permet de rŽaliser 
n'importe quelle fonction de transfert du second ordre. 

Soit la fonction de transfert : 
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==  (5.26) 

Le rŽarrangement de cette Žquation conduit ˆ : 
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