Active filters

Active filters are a special family of filters. They take their name from the fact
that, aside from passive components, they also contain active elements such
as transistors or operational amplifiers. Just like their passive counterparts,
depending on the design, they retain or eliminate a specific portion of a signal.

These types of filters have some advantage over passive filters: inductors can
be avoided, gain can be introduced and higher quality factors can be
obtained.

Active filters can be implemented with different topologies:

Akerberg-Mossberg

Biguadratic

Dual Amplifier Band-Pass (DABP)

Fliege

Multiple feedback or Rauch

State-variable

Wien

Voltage-Controlled Voltage-Source (VCVS) and Sallen/Key

N~ WONE

Active filters also come in different varieties:

1. Butterworth

2. Linkwitz-Riley

3. Bessel or Bessel-Thomson or Thomson
4. Chebyshev (2 types)

5. Elliptical or Cauer

6. Synchronous

7. Gaussian

8. Legendre-Papoulis

9. Paynter or Transitional

10. Butterworth-Thomson or Linear phase

The Butterworth filter has the flattest response in the pass-band. The
Chebyshev Type Il filter has the steepest cutoff. The Linkwitz-Riley filter is
often used in audio applications (crossovers).

The filters presented below include a wide variety of op-amps for the sake of
variety and illustration purposes. Some have limited bandwidth such as the
AD741 (LM318) while others have wide bandwidth such as LM318 (15MHz)
so the frequency response at 1MHz and beyond varies accordingly. This can
clearly be seen from the magnitude plots when the high-frequency rolloff
starts.

Note: Cauer is the name of an active filter but it’s also the name of a passive
topology. The two are different concepts.
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Magnitude/frequency definition

A 2"-order filter, a circuit with 2 capacitors, produces two zeros or two poles
so the magnitude drops by 12bB/octave or 40dB/decade before or after the
cutoff frequency.

Considering two signals with magnitudes A; and A,, the definitions of
magnitude decrease per octave and decade are

A 1
20-logqo (—1) = 20-log4o (—) = —12dB/octave
A, 4
and

A 1
20-logqg (A—l) = 20-logqy (m) = —40dB/decade
2

where octave means twice the frequency and decade means ten times the
frequency.
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Biquadratic topology

The biquadratic topology takes its name from the fact its transfer function is
the ratio of two quadratic functions. It can be implemented in two ways:
single-amplifier biquadratic or two-integrator-loop.

An example of this filter topology is the so-called Tow-Thomas circuit. This
circuit consists of three op-amps and it can be used as a low-pass or
band-pass filter, depending on where its output is taken.
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Biquadratic filter (Tow-Thomas)
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’_\\/ 158...4.89,11..000.7.).
- / \\\\
- // \ \\
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o ] . ~— | L
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz
o V(R1:1) v V(R2:2) V(U1l:0U0T)

Frequency

AC sweep from 1Hz to 10MHz
The band-pass and low-pass gains are

Ry 1k0
Gpp = —7 = ———

R, 1kﬂ__1 and GLP=+_2=+_=+1

The output for the band-pass output is shown in red.
The output for the low-pass output is shown in blue.
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The center/cutoff frequency is

1

1
fC = =
27,R,R,C,.C, 27/1kQ-1kQ-14F -14F

=159.15Hz

The quality factor is

| R3-C | (1?2 1uF 4
0= Ry, R,-C, |1k -1kQ-1uF

The bandwidth of the band-pass output is given by

_f._159.15Hz

Af =G =1 = 15915Hz

-100 /
Y

1.0z 3.0z 108z 308z 1008z 3008z 1.0kHz  3.0KHz 10KHz 30Kz 100kHz ~ 300KHz 1.0MHz  3.0MHz 10MHz
o V(RL:1) @ 20*1ogl0(V(R4:1)/V(RI:1)) v 20%1ogl0(V(R6:2)/V(RL:1))

Frequency

Magnitude plot from 1Hz to 10MHz

The center frequency for band-pass filter is at 159Hz and 0dB. The magnitude
decreases by —20dB/decade to the left and right.

The cutoff frequency for low-pass filter is at 159Hz. The magnitude decreases
linearly by —40dB/decade to the right of it.
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Dual-Amplifier Band-Pass topology

The Dual Amplifier Band-Pass (DABP) topology uses 2 op-amps.
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Dual-Amplifier Band-Pass (DABP) filter

J

\

/

\

oV

-

S~

100Hz

0

V(V1:t) ¢ V(UL:0UT)

300Hz

1.0KHz

Frequency

The center frequency is given by

fe

1

3.0KHz 10KHz

AC sweep from 100Hz to 10kHz

1

where R,=R3=R and C,=C,=C.

T 2r-R-C_ 2m-1591kHz - 100nF

= 1kHz
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The quality factor is

R, 111.4k0 _

" R 1591k

The values of R4 and Rs are not critical but must be the same so they are
chosen to be 2.2kQ.

-40 —— —~——__
-

-60
1008z 3008z 1.0KHz 3.0KHz 10KHz
0 V(VI:+) ¢ 20%10gl0(V(UL:0UT)/V(V1:+))
Frequency

Magnitude plot from 100Hz to 10kHz

The center frequency is at 1kHz and the gain is +6dB. The gain decreases by
—20dB/decade to the left of 300Hz and to the right of 3kHz.
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Fliege topology

This circuit uses a single op-amp and it produces a notch filter.
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100k
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- \\ pd
\\ //
3.0KHz 10KHz 30KHz 100KHz
0 V(R6:2) ¢ V(R5:1)
requency

AC sweep from 3kHz to 100kHz

The center frequency is given by

1
- 2m-R,y-Cy 2m-10kHz: 1nF

f. = 15.915kHz

where R3=R4=Ra and C1=C,=Cg.
The quality factor is

R,  100kQ

C=3R, “210k0 "

where R1=R>=Rc.
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100KHz

Magnitude plot from 3kHz to 100kHz
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Multiple feedback topology

The multiple feedback topology takes its name from the fact it has positive
and negative feedback. It is also known as Rauch.
Low-pass

R3

1k

'\Z}, '\?\E\/ 5Vdc ivz -5Vvdc ivs
vl inF =0 =5
e o o
o
Multiple feedback filter (low-pass)
\\
(151.741K4333.257m) \VB%ZZMQ 16.568m)
ov \\
AC sweep from 1Hz to 10MHz
The transfer function for the circuit is
Y, Ko’
H(S):v_o_ As? 1B c cowo
i R %
Q
where
A=RR,C.C, =1kQ-1kQ-InF -InF =1ps
R,R . .
B=R,C, +RC, +%C2 1K INF +1kQ - InF + F-HKQ-InF
3

3
1kQ 40
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R_ko_,
R, 1kQ

Ry _ k& _
R, 1kQ

o~ JRRCC,  1kQ-1kQ-InF -InF 0333
~(Ry+R, +[K[R,)-C, (KQ+1kQ+|-1-1kQ)-1nF

1 1

f = - —159.15kHz
27JR,R,C,C, 271kQ-1kQ-1nF -1nF

@, =27f, =27 -159.15kHz = 999.968kHz

where K is the DC voltage gain, Q is the quality factor, f. is the cutoff
frequency and w, is the angular frequency.

40

1.6046M,-38.113)

\[ (16.006M, -61.581)

-40 I

/
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-80
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHzZ 1.0MHzZ 10MHzZ 100MHzZ
o V(RL:1) ¢ 20%LOG10(V(Ul:0UT)/V(R1:1))
Frequenc

Magnitude plot from 1Hz to 100MHz

The magnitude drops to —10.060dB at 160.456kHz and then it decreases in a
nonlinear fashion to the right of the cutoff frequency.

Several stages can be cascaded to obtain high-order multiple feedback filters.
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Band-pass

C1

100nF

R
v Vo
R1 c2 l l
" 2 L w2 .| Vs
12.732% ! 5Vde o=  5vde ——
100nF - -
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el T l l
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o
Multiple feedback filter (band-pass)
1.0V /\
. // \\
/ N
o 44’4~¢/’/”‘////' \\\e\‘\\‘\‘*ﬂ4»94\4‘44\
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
0 V(RI:L) ¢ V(U1:00T)

Frequency

AC sweep from 1Hz to 100kHz

The center frequency fc is set to 250Hz, the gain A is set to 1 and the quality
factor Q is set to 2.

The Ry resistor is given by

Q 2

R, = = = 12.732k
Y™ A-2n-f.-C~ 1-2m-250Hz-100nF

where C,;=C,=C.
The R, resistor is given by

R, = ! - ! — 1.818k0
(2Q —%)-Zn-fc-C (2-2—%)-271-250Hz-100nF
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The Rj resistor is given by

__ e _ 2
“m-f.-C m-250Hz-100nF

R; = 25.465k0

Note: Rj3 is twice the size of R; but this is just because A is 1.

/ o

-60
1.0Hz 3.0Hz 108z 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
o V(R1:1) ¢ 20%10gl0(V(U1:0UT)/V(R1:1))
Frequency

Magnitude plot from 1Hz to 100kHz

The center frequency for this filter is at 250Hz. The magnitude decreases by
—20dB/decade to the left and to the right of it.

The lowest quality that can be achieved is 0.707 which requires R2 to be set
to infinity, that is, not introduced in the circuit at all.
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Notch

This is an example of a multiple feedback filter called “1-Band-pass”. The first
stage is a band-pass filter similar to the previous circuit. The addition of the
second state turns the circuit into a notch filter.
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0 V(RI:1) v V(R4:1) a V(U2:00T)
Frequency

AC sweep from 1Hz to 3kHz
The band-pass output is shown in red.

The notch output is shown in blue. It has a center frequency at 50Hz and a
quality factor of 2.85.
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Frequency

Magnitude plot from 1Hz to 3kHz

The band-pass output is shown in red. It peaks at 50Hz. The magnitude
decreases by —20dB/decade to the left and to the right of it.
The notch output is shown in blue. It's centered at 50Hz.
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200d 1(\\

0d
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S i—
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1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz

o P(V(R4:1)/V(R1:1)) v P(V(U2:0UT)/V(R1:1))
Frequency

Phase plot from 1Hz to 3kHz
The band-pass output is shown in red. Its phase shifts from —90° to —270°.

The notch output is shown in blue. Its phase shifts abruptly at 50Hz from
+108° to +251° at 50Hz.
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State-variable topology

This is a versatile filter which provides low-pass, band-pass and high-pass
outputs in a single circuit with 3 op-amps.

R4

-0

State-variable topology

Note: R1=R,=R3=R4, Re=R;=R and C;=C,=C.

1.2v

N
\.

; ] I e S|
0y

10Hz 30Hz 1004z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
o V(R1:1) x V(R6:1) » V(R7:1) v V(R4:2)
Frequency

AC sweep from 10Hz to 100kHz

The center/cutoff frequency is set to 1kHz. The red trace is for high-pass, the
blue trace is for band-pass and the yellow trace is for low-pass.

The Rg and Ry resistors are given by

1 2

R. =R- = =
67 T 2n-f.-C "~ 2m-1kHz - 100nF

= 1.591k(

The quality factor depends on the ratio of Rs to R. A ratio of 1.125 produces a
Butterworth characteristic so the quality factor is 0.7071.
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For a Bessel response the ratio should be set to 0.575 for a quality factor of
0.5773 and the frequency should be scaled by 1.273 for a cutoff at 1kHz.

For a 3-dB Chebyshev the ratio should be set to 3.47 for a quality factor of
1.3049 and the frequency should be scaled 0.841 for a cutoff at 1kHz.

b 5
=50
-100
108z 308z 100Hz 3004z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
0 V(RI:1) ¢ 20*Logl0(V(R6:1)/V(RL:1)) o 20*1logl0(V(R7:1)/V(R1:1)) ¢ 20*1ogl0(V(R4:2)/V(R1:1))

Frequency

Magnitude plot from 10Hz to 100kHz

The 3 outputs meet at —3dB at 1kHz.
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Sallen/Key topology

The Sallen/Key topology was invented by R. P. Sallen and E. L. Key at MIT
Lincoln Laboratory in 1955.

It is a degenerate form of a Voltage-Controlled Voltage-Source (VCVS) filter
topology (gain is 1). It features an extremely high input impedance (practically
infinite) and an extremely low output impedance (practically zero). These two
characteristics are provided by the op-amp and they are often desired in
circuit design for signal integrity.

The network for the Sallen/Key topology includes an op-amp, often in a buffer
configuration, and a set of resistors and capacitors. The op-amp can
sometimes be substituted by an emitter follower or a source follower circuit
since both circuits produce unity gain. Cascading two or more stages will
produce higher-order filters.

Sallen/Key generic configuration for 0dB gain (unity-gain)
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Low-pass

The low-pass filter blocks high-frequency signals while leaving low-frequency
signals untouched.

R1
AWV —
10k 10k
! c2
1Va =
ovdc

I

V- .
o

+ V-
V2

-

10vdc .

\:L

V3

10vdc

JB—

0

1
o
Sallen/Key low-pass filter
1.0V
\ ecton
0.5V
ov \
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(R1:1) ¢ V(Ul:-)
Frequency

AC sweep from 1mHz to 1MHz

The cutoff frequency is

f =15.915kHz

1
“ 27JRR,C,C, 2710kQ-10kQ-InF -InF

The quality factor is

o- JRR,CC, 10kQ-10kQ-InF -InF 05
C,(R;+R,)  1InF-(10kQ+10kQ) '

This circuit is critically damped.
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-0
(16.094K,i-6.1371)
-20
-40 \\
(160.pP41K,-40.508)

-60

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

9 20*LOG10 (V(UL:0UT) /V(V1:+))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —6dB at 15.915kHz and it decreases by

—40dB/decade.
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High-pass

The high-pass filter blocks low-frequency signals while leaving high-frequency
signals untouched.
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Sallen/Key high-pass filter

(72.334,900.000m) \

N

1.0Hz 10Hz 100HzZ 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHzZ
o V(Cl:1l) + V(R1:2)

AC sweep from 1mHz to 100MHz

The cutoff frequency is

1

f = L = = 72.34Hz
° 27yRR,C.C, 27\10kQ-10kQ-220nF -220nF

The quality factor is

_ JRR,CC, 10kQ-10kQ-220nF - 220nF 05
R,(C,+C,) 10kQ(220nF + 220nF ) '

This circuit is critically damped.
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-80
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz 10MHz 100MHz
9 20*LOG10(V(R1:2)/V(Cl:1))

Magnitude plot from 1Hz to 100MHz
The magnitude drops to —6dB at 72Hz and it decreases by —40dB/decade.

Note: the gain starts to roll off at 1MHz which is the bandwidth of the AD741
op-amp when it’s connected in a buffer/non-inverting configuration.
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Band-pass

The band-pass filter blocks low and high frequency signals. It peaks at the
so-called center frequency. R, and Ry, provide gain. C;1-R; form a low-pass
filter and C,-R; form a high-pass filter.

Wy 1565V

10k

+ Vs
5 o
R1 1 Tﬂ
I . ,
17 1. 2 OF L V2
10k 220n 10vde = L v
Vi 1 \. ! 10vde
1Va c1
L
Oovde - L10. _1
a "0

220n

o

Sallen/Key band-pass filter

\ (72.287,1.0000)

1.0Hz 10Hz 100Hz 1.0KHz 10KHzZ 100KHzZ 1.0MHz
o V(RL:1l) < V(UL1:0UT)

AC sweep from 1mHz to 1MHz

The center frequency is

_ 1 | Ry+R 1 \/ 10kQ +10kQ st
° 27\ CC,RR,R, 27\ 220nF -220nF -10kQ - 20k - 10k '
The gains are
(3=:|.+&=1-|-—10kg2 =14+05=15 and A= G — 15 =1
R, 20kQ 3_G 3.15

where G is the internal gain and A is the external gain.

The value of G should be below 3 to avoid oscillation.
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The previous is a Sallen/Key circuit as long as the value of Ry, is twice the

value of R,. If A is more or less than unity, the circuit provides amplification
and becomes a VCVS filter.

”fgk L5710 I
Vi \. :TL .Tlovac
e T 220n >' g 1Meg o o
— £ L
"0 "0 "0 R,j
)
VCVS band-pass filter |
] i
0.8V /
\
0.4V \
AC sweep from 1mHz to 1MHz
The center frequency is
R, +R
_1 | R+R :i\/ 10kQ +10kQ) _ 79 34Hq
27\ C,C,RR,R; 27\ 220nF - 220nF -10kQ2 - 20kQ2 - 10kQ
However, if R,>>Ry, the frequency response is rather flat.
Go1+Ra -1, M2 g 50 5 A-—C _ 5 _ 106
R, 20k 3-G 3-51

This circuit will oscillate because G is greater than 3.

Note: the magnitude of the output is 6% higher than the input and this is an
indication of amplification.
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Wy L1 so7mV I
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1Va C1
ovdc T

220n

VCVS band-pass filter Il

L —— \
ov

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(R1:1) & V(Ul:0UT)

AC sweep from 1mHz to 1MHz

The center frequency is

=72.34Hz

1 | Ry+R _i\/ 10kQ +10kQ
© 27\ C,C,RR,R, 27\ 220nF - 220nF -10kQ2 - 20k - 10k

If Ra<<Ry, the gain drops to %2 at the center frequency.

G=1+&=1+1k—g=1+0=1 A:i:i:JrO.S
R, 1IMQ 3-G 3-1

The minimum gain attainable by this circuit is 0.5.

Connecting the op-amp in the buffer configuration would produce the same
frequency response.

Note: the magnitude of the output at the center frequency is 50% lower than
the input.
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¢ 20*LOG10(V(R3:2)/V(R1:1))
Frequency

Sallen/Key band-pass filter: Magnitude plot from 1mHz to 1MHz

The center frequency is at 72Hz. The magnitude decreases by —20dB/decade
to the left and right of the center frequency.
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¢ 20*LOG10(V(R3:2)/V(R1:1))
Frequency

VCVS band-pass filter I: Magnitude plot from 1mHz to 1MHz

The response is rather flat.
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o V(R1:1) » 20*LOG1O(V(R3:2)/V(R1:1))
Frequency

VCVS band-pass filter II: Magnitude plot from 1mHz to 1MHz

The center frequency is at 72Hz with —6dB. The magnitude decreases by
—20dB/decade to the left and right of the center frequency.
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Twin-T filter

The Twin-T filter shown below was invented by Herbert Augustadt in 1934. It
is called Twin-T filter because it has two T sections (R1, R2, C3 and C1, C2,
R3). It is an evolution of the passive version of the notch filter that bears the

same name. The addition of the U2B op-amp allows quality factors above
0.25.

R1

R2

1Vac
0vdc

2k

C1

AAM
YVv
2k

c2

100nF

C335
200nF

100nF

R3
1k

V-

R4
1k

u2B RS
3k

Note: R1:R2:2XR3 and C1:C2:C3/2.

1.0v

2
-5vdc

3
-

5Vvdc

S
"

Twin-T filter

The parameter K is defined as

26

1.0KHz

Frequency

3k

3.0KHz

10KHz 30KHz

AC sweep from 30Hz to 30kHz

R,+Rs 1kQ + 3kQ
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The quality factor is given by

1 1 4
¢= 4(1-K) 4(1-0.75)
The center frequency is given by
= ! = ! = 795H
Jo = 3nCiR, = Zr - 100nF -2k~ z
'\\
\ /
| |
Il
I
|

0 V(C1:2) v 20%1ogl0(V(UlR:-)/V(CL:2))

27

”Magnitude plot from 30Hz to 30kHz
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Bainter filter

This is another type of notch filter which uses 3 op-amps.

R4

R2 834
AWV c2
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+
= V+ V-
o} o
C1
1t
1T o Vv2 NR%
5vVde = -5vde

—
S
o‘w——m

Bainter filter

Note: when R3=R,4 the gain is 1 on each side of the notch but when R3 is
larger than R4 the gain to the left of the notch is negative and when R3 is
smaller than R, the gain to the left of the notch is positive. The gain to the

right of the notch is always 1.

1.2v

0V
1 30 1.0KHz 3.0KHz 10KHz 30KHz 100KHz

o V(Cl:2) +V(U1C:-)
Frequency

AC sweep from 10Hz to 100kHz

The filter has a center frequency at 1kHz.
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0V(Cl:2) + 20%logl0(V(U1C:-)/V(CLl:2))
Frequency
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Boctor filter

This is another type of notch filter but it only uses only 1 op-amp.

C1
11

R1

R6

Wy
20k

V-

o
MC1558"

2 \

1Va
ovdc!

150nF

c2
I

5k

Note: C1=C.,.

4.0v

150nF

R2

10k

§ R3
6.67k

U1A

RS

oy

1

20k

2
-5vdc

3

-

—fF——=%
© <

.|||—|' |||—c»'<
© <

Boctor filter

2.0V

ov

1.0Hz 3.0Hz
0 V(Vl:+) # V(ULA:0UT)

108z

308z

100Hz

Frequency

3008z

3.0KHz 10KHz

AC sweep from 1Hz to 10kHz

The filter has a center frequency at 250Hz and a quality factor of 1.
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=20 H
-30

1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3. 0KHz 10KHz

0V (Vi) ¢ 20%1ogl0(V(ULR:0UT) /V(V1:+))
Frequency

Magnitude plot from 1Hz to 10kHz

The gain is asymmetrical: +6dB on the left and +12dB on the right side of the
notch.
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First-order filters

First-order filters are very simple. They have only one capacitor which in turn
produces a single pole. The —3dB frequency is given by

fo_ 1
S8 2aRC

First-older filters come in combinations of non-inverting, inverting,
low-pass and high-pass. All the filters presented here have unity-gain.

Non-inverting low-pass

This circuit lets the low-frequency signals through without inverting the input.

Vi V-
o o
R1 ur
AN 3 \%_5 v Vs
2k ot 3.6vdc = -3.6Vdc =
2 d -4 \
Vi / 0 )
1Vac@ ci | AD741
ovdc T p ~ L -
n = =
5 0 0
V-
“o o

First-order non-inverting low-pass filter
The —3dB frequency is given by

1 1

fas = = =1.693kHz
27RC 27 -2kQ-47nF

(1.8 0K...240. 1.0.1m.).

RN

ov M

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(Vli:+) ¢ V(Ul:0U0T)

AC sweep from 1Hz to 1MHz

The —3dB frequency for the filter is at 1.693kHz.
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1.6853K,+2.9899)
-0 5
16.853K,+20.004)
-20
(|L68.526K,-40.039)
-40
-60
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
V(Vl:+) & 20*LOG10(V(U1:0UT)/ V(V1:+))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1.693kHz and then it decreases by

—20dB/decade.
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Inverting low-pass

This circuit lets the low-frequency signals through while inverting the input.

c1
|1
L
220n
R1
4%%Y
723
V_
o
v+ V-
U1 o °
R2 4
2 V. D741
AW ™~o v v
723 o0 6 3.6Vdc — -3.6Vdc —
3 N ) )
v1 7] A
1Vac@
ovde . .
4 -0 -0

First-order inverting low-pass filter

R; and R; set the gain which is

R, 7230
R, 7230

A, =

The 220nF capacitor ensures stability at high frequency.
The —3dB frequency is given by

1 1
f-sap = 2nR,C;  2m-7230-220nF

= 1kHz

N

AN

P~

1.0Hz 3.0Hz 108z 30Hz 1008z 300Hz 1.0KHz 3.0KHz

N 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(R2:1) ¢ V(Cl:1)

Frequency

AC sweep from 1Hz to 1MHz
The —3dB frequency for the filter is at 1kHz.
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1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(R2:1) v 20*1logl0(V(R1:2)/V(R2:1))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—20dB/decade.
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Non-inverting high-pass

This circuit lets the high-frequency signals through without inverting the input.

o
V+ V-
o o)
c1 ur "
3
i} \%—5 Ll w2 Ll ovs
47n ou 6 3.6vdc — -3.6vdc —
vi 2 /$O - \\/
1Vac@ R1 AD741
ovdc § ~ L -
2k d 0 "0
V-
o o

First-order non-inverting high-pass filter
The —3dB frequency is given by

1 1

foyp = = =1.693kHz
27RC 27 -2kQ-47nF
1.0v
(1}8933K.0708..0.00m),
0 v /
I
ov
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1:+) + V(ULl:0UT)
Frequenc 1%

AC sweep from 1Hz to 1MHz

The —3dB frequency for the filter is at 1.693kHz.

1.6853K,-3.0304)
(168.526,-R0.084)
-40
/ (16.853,-4(3.041)
-80
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

8 V(V1:+) » 20*LOG1O (V(Ul:OUT)/ V(V1:+))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1.693kHz and then it decreases by
—20dB/decade.
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Inverting high-pass

This circuit lets the high-frequency signals through while inverting the input.

c2
11

I)?VZV\,
ClH Ee\/l»‘v 2 \\VO/i:*E“A o ivz im
220n 723 oV 6 3.6vdc — -3.6Vdc —
vi : %/VO \. :|; :|;
) 1 1
4 o o
= o
0
First-order inverting high-pass filter
R; and R; set the gain which is
A = R, 7230
. R, 7230

The 100pF capacitor ensures stability at high frequency.
The —3dB frequency is given by

1 1
2nR.C;  2m-7230-220nF

fo3ap = = 1kHz

1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Vl:+) ¢ V(R2:2)
Frequency

AC sweep from 1Hz to 1IMHz

The —3dB frequency for the filter is at 1kHz.
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-80
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(Vi:+) ¢ 20%1ogl0(V(R2:2)/V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—20dB/decade.
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Second-order filters
Second-order filters have two poles which are given by two capacitors.
The cutoff frequency is

1

f =
27JRR,C,C,

Depending on low-pass or high-pass configurations, the quality factors are

VR.R,C,C,

Q=—F"—""-7F low-pass
C2 (Rl + RZ)
JRR

Q=Y 127172 4G, high-pass
Rl(Cl +C2)

where C; is the shunt capacitor for the low-pass configuration and R; is the
bridging resistor in the high-pass configuration (consistency is important).

The quality factors for 2"-order filters are summarized here:

Butterworth 0.7071
Linkwitz-Riley 0.5
Bessel 0.5773
Chebyshev (0.5dB) 0.8637
Chebyshev (1dB) 0.9565
Chebyshev (2dB) 1.1286
Chebyshev (3dB) 1.3049
Linear-phase or Butterworth-Thomson 0.6304
Gaussian 0.6013
Legendre-Papoulis 0.707
Transitional or Paynter 0.639

Every type of filter is designed to retain a portion of a signal for a specific
range of frequencies while suppressing the same signal at other undesired
frequencies. The major difference among filters is in the mathematical
framework that lies behind them. Every filter has different ratios among
resistors and capacitors and this produces a different response.

Filters of second and higher orders come in unity-gain or gain versions. If they

are in the unity-gain configuration, the op-amp is in buffer mode. If gain is
needed, then two additional resistors are used to provide the proper gain.
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The trick behind designing 2"-order filters is to set up a system of two
equations (f. and Q) in two unknowns (C and R). The first equation sets the
frequency. The second equation sets the quality factor. It is necessary to
choose specific values for frequency and quality factor while leaving two
passive components unknown. By using software like Maple it is possible to
force a convergence and calculate the two unknowns (C and R).

However, tables with coefficients are available so using them or software
typically leads to a faster design.

The second-order filters presented below are designed to cut off at 1kHz. Any
other frequency can be obtained by scaling resistors and capacitors
accordingly.

Higher-order filters

Higher-order filters, filters of 3-order or higher, have n poles which are given
by n capacitors. When an even-order filter is required they are realized by
cascading; multiple 2™-order filters. When an odd-order filter is required,
again, 2"-order filters are required but then they are followed by a single RC
filter. The quality factor for each 2"9order filter is in increasing order if
avoiding clipping of signals is crucial and in decreasing order if noise
performance is the priority.

The cutoff frequency is the same for each stage but, depending on the type of
filter, each stage will have a unique quality factor. The RC filter has a cutoff
frequency as well but no defined quality factor.

For instance, a 3"-order low-pass Butterworth filter will have 1 2" order low-
pass stage followed by a low-pass RC filter and a 6™-order high-pass
Linkwitz-Riley filter will have 3 2" order high-pass stages.

All higher-order filters must be designed so that each stage has a unique
quality factor. Aside from Butterworth and Linkwitz-Riley, all other filters that
need to cut off at a specific frequency also must be designed at a frequency
that is shifted by a specific coefficient so that the desired cutoff frequency can
be obtained.
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Below is a series of tables that list frequency shift coefficients and quality
factors that are required for several filters for any order from 2 to 8.

Table 7.3: Frequencies and ’s for Butterworth Filters up to Eighth Order. Stages Are Arranged
in Order of Q, with the First-Order Section at the End for the Odd Order Filters

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.0000 0.7071
3 1.0000 1.0000 1.0000 n/a
4 1.0000 0.5412 1.0000 1.3065
3 1.0000 0.6180 1.0000 1.6181 1.0000 n/a
6 1.0000 0.5177 1.0000 0.7071 1.0000 1.9320
7 1.0000 0.5549 1.0000 0.8019 1.0000 2.2472 1.0000 nfa
8 1.0000 0.5098 1.0000 0.6013 1.0000 0.8999 1.0000 2.5628

Table 7.4: Frequencies and Qs for Linkwitz—Riley Filters up to Eighth Order. Stages

Are Arranged in Order of Increasing Q, Odd-Order Filters Have the First-Order Section at the
End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.0000 0.5000
3 1.0000 0.7071 1.0000 n/a
4 1.0000 0.7071 1.0000 0.7071
5 1.0000 0.7071 1.0000 1.0000 1.0000 n/a
6 1.0000 0.5000 1.0000 1.0000 1.0000 1.0000
7 1.0000 0.5412 1.0000 1.0000 1.0000 1.3066 1.0000 n/a
8 1.0000 0.5412 1.0000 0.5412 1.0000 1.3066 1.0000 1.3066

Table 7.5: Frequencies and Qs for Bessel Lowpass Filters up to Eighth Order. For Highpass Filters

Use the Reciprocal of the Frequency. Stages Are Arranged in Order of Increasing Q, Odd-Order
Filters Have the First-Order Section at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.2736 0.5773
3 1.4524 0.6910 1.3270 n/a
4 1.4192 0.5219 1.5912 0.8055
5 1.5611 0.5635 1.7607 0.9165 1.5069 n/a
6 1.6060 0.5103 1.6913 0.6112 1.9071 1.0234
7 1.7174 0.5324 1.8235 0.6608 2.0507 1.1262 1.6853 n/a
8 1.7837 0.5060 1.8376 0.5596 1.9591 0.7109 2.1953 1.2258

Table 7.6: Frequencies and Qs for 0.5 dB-Chebyshev Lowpass Filters up to Eighth Order. For

Highpass Filters Use the Reciprocal of the Frequency. Stages Are Arranged in Order of Increasing

Q, Odd-Order Filters Have the First-Order Section at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.2313 0.8637
3 1.0689 1.7062 0.6265 n/a
4 0.5970 0.7051 1.0313 2.9406
5 0.6905 1.1778 1.0177 4.5450 0.3623 n/a
6 0.3962 0.6836 0.7681 1.8104 1.0114 6.5128
7 0.5039 1.0916 0.8227 2.5755 1.0080 8.8418 0.2562 n/a
8 0.2967 0.6766 0.5989 1.6107 0.8610 3.4657 1.0059 11.5308
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Table 7.7: Frequencies and Qs for 1 dB-Chebyshev Lowpass Filters up to Eighth Order.

For Highpass Filters Use the Reciprocal of the Frequency. Stages Are Arranged in Order of
Increasing Q, Odd-Order Filters Have the First-Order Section at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.0500 0.9565
3 0.9971 2.0176 0.4942 n/a
4 0.5286 0.7845 0.9932 3.5600
5 0.6552 1.3988 0.9941 5.5538 0.2895 n/a
6 0.3532 0.7608 0.7468 21977 0.9953 8.0012
7 0.4800 1.2967 0.8084 3.1554 0.9963 10.9010 0.2054 n/a
8 0.2651 0.7530 0.5838 1.9564 0.8506 4.2661 0.9971 14.2445

Table 7.8: Frequencies and Qs for 2 dB-Chebyshev Lowpass Filters up to Eighth Order. For
Highpass Filters Use the Reciprocal of the Frequency. Stages Are Arranged in Order of Increasing
Q, Odd-Order Filters Have the First-Order Section at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 0.9072 1.1286
3 09413 2.5516 0.3689 n/a
4 0.4707 0.9294 0.9637 4.5939
5 0.6270 1.7751 0.9758 7.2323 0.2183 n/a
6 0.3161 0.9016 0.7300 2.8443 0.9828 10.4616
7 0.4609 1.6464 0.7971 4.1151 0.9872 14.2802 0.1553 n/a
8 0.2377 0.8924 0.5719 2.5327 0.8425 5.5835 0.9901 18.6873

Table 7.9: Frequencies and Qs for 3 dB-Chebyshev Lowpass Filters up to Eighth Order.

For Highpass Filters Use the Reciprocal of the Frequency. Stages Are Arranged in Order of
Increasing Q, Odd-Order Filters Have the First-Order Section at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 0.8414 1.3049
3 0.9160 3.0678 0.2986 n/a
4 0.4426 1.0765 0.9503 5.5770
5 0.6140 2.1380 0.9675 8.8111 0.1775 n/a
6 0.2980 1.0441 0.7224 3.4597 0.9771 12.7899
7 0.4519 1.9821 0.7920 5.0193 0.9831 17.4929 0.1265 n/a
8 0.2243 1.0337 0.5665 3.0789 0.8388 6.8251 0.9870 22.8704

Table 7.11: Frequencies and Q’s for Linear-Phase Filters Up to Eighth Order. Stages Are
Arranged in Order of Increasing Q, Odd-Order Filters Have the First-Order Section
at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.0000 0.6304
3 1.2622 0.9370 0.7923 n/a
4 1.3340 1.3161 0.7496 0.6074
5 1.6566 1.7545 1.0067 0.8679 0.5997 n/a
6 1.6091 21870 1.0741 1.1804 0.5786 0.6077
7 1.9162 2.6679 1.3704 1.5426 0.8066 0.8639 0.4721 n/a
8 1.7962 3.1146 1.3538 1.8914 0.8801 1.1660 0.4673 0.6088
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Table 7.12: Frequencies and Q’s for Gaussian Filters Up to Eighth Order. Stages Are
Arranged in Order of Increasing Q, Odd-Order Filters Have the First-Order Section at the End
with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 0.9170 0.6013
3 0.9923 0.5653 0.9452 n/a
4 0.9930 0.6362 1.0594 0.5475
5 1.0427 0.6000 1.1192 0.5370 1.0218 n/a
6 1.0580 0.6538 1.0906 0.5783 1.1728 0.5302
7 1.0958 0.6212 1.1358 0.5639 1.2215 0.5254 1.0838 n/a
8 1.1134 0.6644 1.1333 0.5994 1.1782 0.5537 1.2662 0.5219

Table 7.13: Frequencies and Q’s for Legendre—Papoulis Filters Up to Eighth Order. Stages
Are Arranged in Order of Increasing Q, Odd-Order Filters Have the First-Order Section

at the End with No Q Shown

Order Freq 1 Q1 Freq 2 Q2 Freq 3 Q3 Freq 4 Q4
2 1.000 0.707
3 0.9647 1.3974 0.6200 n/a
4 0.9734 2.1008 0.6563 0.5969
5 0.9802 3.1912 0.7050 0.9082 0.4680 n/a
6 0.9846 4.2740 0.7634 1.2355 0.5002 0.570
7 0.9881 5.7310 0.8137 1.7135 0.5531 0.7919 0.3821 n/a
8 0.9903 7.1826 0.8473 2.1807 0.6187 1.0303 0.4093 0.5573

As an example, a Bessel 5™-order low pass filter that needs a cutoff at 10kHz
must have Q1=0.5635, Q2=0.9165 and f,;=10kHz*1.5611=11.561kHz,
fo2=10kHz*1.7607=11.607kHz, f;3=10kHz*1.5069=15.069kHz.

Likewise, for a Bessel 5™-order high pass filter that needs a cutoff at 10kHz
must have Q1=0.5635, Q2=0.9165 and f,;=10kHz/1.5611=8.65kHz,
foo=10kHz/1.7607=5.68kHz, f,3=10kHz/1.5069=6.636kHz.

The higher-order filters presented below are designed to cut off at 1kHz. Any
other frequency can be obtained by scaling resistors and capacitors

accordingly.
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Butterworth filter
The Butterworth filter was originally proposed by Stephen Butterworth in 1930.

This filter can be implemented with different orders. For every order, the gain
of the filter will drop by —6dB/octave or —20dB/decade past the cutoff
frequency. Increasing the order of the filter will produce a sharper cutoff.

The Butterworth filter has a very flat response and does not present ripples in
the pass-band. It can be arranged for low-pass, high-pass, band-pass and
band-stop/notch purposes.

A band-pass Butterworth filter is obtained by placing an inductor in parallel
with each capacitor to form resonant circuits. The value of each additional
component must be selected to resonate with the other component at the

frequency of interest.

A band-stop/notch Butterworth filter is obtained by placing an inductor in
series with each capacitor to form resonant circuits. The value of each
additional component must be selected to resonate with the other component
at the frequency to be rejected.

The Butterworth filter can be implemented with different topologies, including
Cauer (passive) and Sallen/Key (active).

For a second-order Butterworth filter, the quality factor must be 0.7071.
Second-order low-pass
In the following example, the circuit is implemented with the Sallen/Key

topology. The quality factor must be 0.7071. This is a second-order filter
because it has two capacitors.

Butterworth filter (low-pass) (2"%-order)

Note: R1=R>» and C1=2xC,.
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1.0V

0.5 \
OV \\
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0 V(RL:1) # V(CL:2)
Frequency

The cutoff frequency is

1

AC sweep from 1Hz to 1MHz

1

= = = 1kHZ
Je 2m\/RR,C,C, 2m\1.125k - 1.125kR2 - 200nF - 100nF
The quality factor is
B JR1R,C,C, B V1.125kQ - 1.125kQ - 200nF - 100nF _ 07071
- C,(Ry+R,)  100nF-(1.125kQ + 1.125kQ)
N
-20
N
-40
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
G V(RI:1) ¢ DB(V(CL:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by

—40dB/decade.
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Second-order high-pass

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.7071. This is a second-order filter
because it has two capacitors.

V+ V-
o] (o]
C1 c2
als als | Ve | ve
10nF 10nF = _
vi svde 5vdc
1Va
ovdey
o o

I

Butterworth filter (high-pass) (2"-order)

Note: C1=C, and R,=2xR;.

1.0V

o
0.5 //
0y ‘“’/
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(Vl:+) ¢ V(RL:2)
Frequency
AC sweep from 1Hz to 1IMHz
The cutoff frequency is
f. ! ! 1kH
= = = Z
°  2nJR,R,C,C; 2m\11.25k2 - 22.5kQ - 10nF - 10nF
The quality factor is
RyR,C;C, V11.25kQ-22.5kQ - 10nF - 10nF
_JRRGG =0.7071

T R(C,+C)  10nF - (11.25kQ + 22.5kQ)
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-0
2
=50
-100
-130
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

o V(V1i:+) ¢ DB(V(R1:2))
Frequency

Magnitude plot from 10Hz to 1MHz

The magnitude drops to —3.0146dB at 1kHz and then it decreases by
—40dB/decade.
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Third-order low-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The capacitor values match here and the circuit provides gain by
means of two additional resistors. This is a third-order filter because it has
three capacitors.

R1 R2

+ <
e

<

+ <
s

<

2 3

5vdc -5vdc

ll
o

I
o

Butterworth filter (low-pass) (3"-order)

Note: C1:C2:C3.

2.0V _\
\ (1.0G029K,1.5710)
\
1oy \
\
\
\
0 pN
AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
R,+R :
p-RatR _12Q+IQ or +6.848dB

R, 1kQ
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50

(1.0..000K..753..004)

-50

x&—g*

o r—

-100
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
O V(V1:+) ¢ 20%*LOGLlO(V(C2:1)/ V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz
The magnitude is flat at +6.8481dB in the lower frequency range and then it

drops to +3.9619dB at 1kHz. It eventually decreases to —-53.006dB one
decade later.
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Third-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after a second-order filter. For the second-order block
the quality factor must be 1 whereas the quality factor for the low-pass filter is
not defined. This is a third-order filter because it has three capacitors.

Note: R1=R, and C;=4xC,.

1.2v

\ * (1.0G00K,708.0%1m)

\
L
o b
\\
\
\
AN R
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
S ! = L =1kHz
27,|R,R,C,C,  27~795Q2-795Q2 - 400nF -100nF
! L 1kHz

f = = =
“ 22R,C, 2r-1.59kQ-100nF

The quality factor of the second-order block is

_JRR,C,C, 795Q-795Q2-400nF -100nF
' C(R+R,) 100nF - (795Q + 795Q)
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20

(TU0000K, =279987)

-50
(10.G00K,-60.983)
-100
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1:+) ¢ 20%*LOG10(V(Ul:0UT)/ V(V1:+)) ¥ 20*LOG10(V(R3:2)/ V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—60dB/decade.
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Third-order high-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. This is a third-order filter because it has three capacitors.

. <
s
<

2

Cc1
3
1

c2
4m 47n
%
1Vacy R1 R2
ovdc
2.431k 954
o =
0

Note: C1=C,=Ca.

svde -5Vdc

B
J—lF—"

Butterworth filter (high-pass) (3"-order)

1.0v
¢ Ky ) /
0.5V /
ov
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
8 V(V1:+) < V(R2:1)
Frequenc %

AC sweep from 1Hz to 1IMHz

The cutoff frequency is 1kHz.

100

(1.000G0K,-3.003¢)

(100:000,-60.0p7)

(10:000,-120.007)

1.0Hz 10Hz 100Hz 1.0KHz 10KHz

100KHz 1.0MHz
O V(V1:+) ¢ 20*LOG1O(V(R2:1)/ V(V1:+))

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—60dB/decade.

52 www.ice77.net



Third-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple high-pass filter after a second-order filter. For the second-order block
the quality factor must be 1 whereas the quality factor for the low-pass filter is
not defined. This is a third-order filter because it has three capacitors.

R1

MWV
750
V+ V+ V-
o o o]
| u1
N
c1 c2 M741
n i ) 3 N‘Z ca v2 v3
106n 106n 6 m = =
¢ r T T
Vi R2 g ,  100n v 5vdc -5Vdc
1Va g - !
ovde R3
3k
1.50k = =
0 0
0 0

0

Butterworth filter (high-pass) (3"-order)

Note: C1=C, and R,=4xR;.

o (1}0000K,0.9991) VRN
0. gy / / (1.0000K,706.0p6m) \
/
/
/]
o /]
/]
/}
/]
ov ’/
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f,= ! = ! =1kHz
27RR,C,.C, 27/750Q-3kQ-106nF -106nF
! L 1kHz

f = = =
“ 22R,C, 2r-1.59kQ-100nF

The quality factor of the second-order block is

_JRR,C,C, [750Q-3kQ-106nF -106nF 1
' R(C,+C,)  750Q-(106nF +106nF)
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100
(1,0000K,-3.0247)
0 /‘.—
(100,000,600 -
-100 ot
]

=200

1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0V(C1:2) ¢ 20%1ogl0(V(UL:-)/V(C1:2)) ¥ 20%1ogl0(V(R3:2)/V(C1:2))
Frequency

Magnitude plot from 1Hz to 1IMHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—60dB/decade.
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Fourth-order low-pass (same resistor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The resistor values match here and the circuit provides gain by
means of two additional resistors. This is a fourth-order filter because it has

four capacitors.

R1 R2 Rr3 R4

1k 1k

c3

R6

Butterworth filter (low-pass) (4™-order)

Note: all resistor values match.

\\
\ K Y
\ v
|
1
\
0.5V \
\
\
\
N
AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
N 0
A =BstRe _ 23004UE _ 4 43 or  +3.106dB

R 1kQ
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20

(104000,3.1064)

-40

-

(9.3325K,-61.319)

-80
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
g V(V1:+) % 20*LOGlO(V(Cl:1)/V(V1:+))

Frequenc

Magnitude plot from 1Hz to 1MHz
The magnitude is flat at +3.1064dB in the lower frequency range and then it

drops to +0.343dB at 1kHz. It eventually decreases to —61.319dB at
9.3325kHz.
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Fourth-order low-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key

topology. The capacitor values match here and the circuit provides gain by
means of two additional resistors. This is a fourth-order filter because it has
four capacitors.

R1

R2

R3

Vi
1vac@
ovde

o

Note: all capacitor values match.

220n

2.65k

c2

V
1.08k

c3

R6

Butterworth filter (low-pass) (4™-order)

(19

000.,.2.:1999)

2.0V \\
LY I R
\
1.0v \
|
\
\
X
AC sweep from 1Hz to 1IMHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
A =B2Re _ 120410 _ 55 or  +6.848dB
Re 1k0
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20

(10./000,6.8481)

o N

-40 \!\

(8.7096K,-50.861)

-60

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
O V(V1:+) % 20*LOGlO(V(R5:2)/ V(V1:+))

Frequenc

Magnitude plot from 1Hz to 1MHz
The magnitude is flat at +6.8481dB in the lower frequency range and then it

drops to +3.7091dB at 1kHz. It eventually decreases to —-50.861dB at
8.7096kHz.
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Fourth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must
be 0.5412 and 1.3065 respectively. This is a fourth-order filter because it has
four capacitors.

11111

u1 v+
R2 9
R1 g | U2
. 3 N
N{ R3 R4 ‘ e
‘ 1.45k 1.45k Ut 3 PN to &
vag c2 | 2| A5t 610 610 o8
ovde ca 2 ‘ ; | ve
100n < P o3 v
<] T
V- 100n <| svdc -5vd
1 e}
= = V-
0

0

[ —_—1

o

s
i
s

Butterworth filter (low-pass) (4"-order)

o
0 8v \\ \ (1.0063K,706.50pm)
N
\ (1.0000K,548.8[10m)
o \
N
\\
\
. N
AC sweep from 1Hz to 1MHz
The cutoff frequencies are

f. ! ! 1.001kH

= = = 1. Z
T onJRR,CiC, 2145k - 1.45kM - 120nF - 100nF

1 1

= = = 997Hz

Jez 21 JR3R,C5C, 2m\/610Q - 6100 - 685nF - 100nF
The quality factors are
_JRR,C,C, 1.45kQ2-1.45kQ-120nF -100nF _ 05477
' C,(R+R,) 100nF - (1.45kQ +1.45kQ) '
R3;R,C3C V61080 - 610Q - 685nF - 100nF
_ YRRGsCy = 1.3086

Q2= C,(R; +R,)  100nF - (610Q + 6100)
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40

120-0.

+90.

1-0.0.0.0K ) 1.06)
-40 \
-80 /
(10.0p0K,-80.232)
-120
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1:+) ¢ 20%*LOG1O(V(Cl:1)/ V(V1:+)) ¥ 20*LOGLO(V(C3:1)/ V(V1:+))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —2.9035dB at 1kHz and then it decreases by

—80dB/decade.
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Fourth-order high-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The capacitor values match here and the circuit provides gain by
means of two additional resistors. This is a fourth-order filter because it has
four capacitors.

c1 c2 c3
I n i

k 1k 1t
100n 100n 100n

G

R1 R2 R3
1Vaq| > b3
ovde
1.195k 850

o
ol

R6
>

Butterworth filter (high-pass) (4™-order)

Note: all capacitor values match.

(TOTO000R, T4 )
/
[ S AVAVAVS A SV - / \
1.0V = = \
/
/
[
0.5V /
[
/
/
/.
1.0:2\]((:1:2) . V(R3:11[;Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
A =FstRe _ 1A0DYIND _ 4 gy or  +3.167dB

R 1kQ
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40

(10..000K..3.06528)

(1..0000K.158..784m).

(10:0.000,-76)834)

-200
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
O V(Vl:+) ¢ 20*LOGLlO(V(R5:2)/V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude is flat at +3.6058dB in the higher frequency range and then it
drops to +0.158dB at 1kHz. It eventually decreases to —76.834 at 100Hz.
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Fourth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must

be 0.5412 and 1.3065 respectively. This is a fourth-order filter because it has
four capacitors.

R3

c1 c2
m

K
V+
°
U1 Vi
,\‘ 5
M741 i u2
" i : N{O{E c3 ca "‘ v+
M741 o
1920 100 w U8 i i 3 o8 4 ?
vi R2 2 | SN 23n 100n 6
1va P oSt oy
ovde R4 2 1 2 .
1.3k E - 0ST v
[}
V- 11k Al 5vdc
[}
= = V-
0 0 1
0

Butterworth filter (high-pass) (4""-order)

<
o

P
E

-5vd.

=
— gk

0. 8v (1.0094K,706.509m) / \
1/
/.
0.4V /
/l
/]
/)
l.O:IzV(Vl:H . V(Rl:lz(;i-lzv 020 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
AC sweep from 1Hz to 1IMHz
The cutoff frequencies are
f. ! ! 1.007kH
= = = 1. VA
A onJRR,CiC, 2nN1kQ - 1.3ki2 - 192nF - 100nF
1 1
fe2 = = 1kHz

21 RsR,CsC,  2mV1kQ- 11kQ - 23nF - 100nF

The quality factors are

_JRR,CC, VIkQ 1.3kQ-192nF -100nF
' R(C,+C,)  1kQ-(192nF +100nF )
JR3R,C3C,  V1kQ-11kQ - 23nF - 100nF
2= R G +C)  1kQ-(23nF + 100nF) 4932

=0.5411
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60
(T OooR, = TETATY
-0
(1.0090K,-5.399
-100
100

-200
-300

1.0Hz 10Hz 100Hz 10KHz 100KHz 1.0MHz

o V(V1:+) ¢ 20*LOG1O(V(R1:2)/ V(V1:+)) ¥ 20*LOGLO(V(U2:-)/V(V1:+))

The magnitude drops to —3dB at 1kHz and then it decreases by

—80dB/decade.

64

Frequency

Magnitude plot from 1Hz to 1MHz

www.ice77.net



Fifth-order low-pass (same resistor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The resistor values match here and the circuit provides gain by

means of two additional resistors. This is a fifth-order filter because it has five
capacitors.

ca

Vi v,
) o
741
.V LV
) E v
S svde 5vdc
5n R6
V- 1k =0 =)
R7

<
O
—j—
2
—j—
o\\}iAHU‘—
g (=]
obr g
<

n
o il ————

oq”

Butterworth filter (low-pass) (5"-order)

Note: all resistor values match.

/
2 |
!
|
|
\
1 L.
\
\
\
o AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
A= Re¢+R; — 1k02+1k02 =2 or +6.02dB

R, 1k0
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P~

-100
1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(V1:+) # 20%1ogl0(V(C2:1)/V(V1:t))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude is flat at +6dB in the lower frequency range and then it’s
+7.8451dB at 1kHz. It eventually decreases to —75.393dB at 10kHz.
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Fifth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after two second-order filters. The quality factors for the
first and the second block must be 0.6180 and 1.6181 whereas the quality

factor for the low-pass filter is not defined. This is a fifth-order filter because it
has five capacitors.

11111

= —de | L]
;‘CZZ@ CAJ Ll/ﬁr{_«ﬁ v 1.59 J T T
. [ IR
Butterworth filter (low-pass) (5"-order)
)
1.0V 5\\
\ * (1.0033K,705.631m)
\
\
0.5V X\
{100, 1 4.0.98.). \\\
N\
\
A\
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f. ! ! 1.001kH
= = = 1. Z
U 2nJRRyCiC,  2mV1.285kM - 1.285k(2 - 153nF - 100nF
1 1
for = = = 1.002kHz
2 JR3R.CaCy 2m,/490Q - 490Q - 1.05uF - 100nF
1 1
1kHz

f = — =
® 22R.C, 27-1.59kQ-100nF
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The quality factors are

_JRR,C,C, 1.285kQ2-1.285kQ-153nF -100nF

= = = 0.6185
C,(R,+R,) 100nF - (1.285kQ2 +1.285kQ2)
_VRR.CC, _ /4900-4900-1050nF -100nF _, 6202
? C,(R,+R,) 100nF - (490Q2 + 490Q) '
100 /

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—100dB/decade.
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Fifth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after two second-order filters. The quality factors for the
first and the second block must be 0.6180 and 1.6181 whereas the quality

factor for the high-pass filter is not defined. This is a fifth-order filter because it
has five capacitors.

T It AN e cs 407
‘V] * son J‘ . \E;{; — — 2 %fwj cs ivz J,‘—
e : T L l/f{g_, e T e
T [ =1 {1
Butterworth filter (high-pass) (5"-order)
[
1.0V ——
(1.0000K,703.322m) }
/ (1.0000K,617.44]5m)
|
0.5V J
/
/|
/]
)
1.OEE‘-IZV(CI:Z) > V(Ul:IOSJHTZ) v V(R3:2) Vl(g(;H;) o Lo o o
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f. ! ! 1.001kH
= = = 1. Z
A onJRR,CiC,  2nN1k(Q - 2.44k0 - 207nF - 50nF
1 1
fop = = = 1.003kHz
° 2m\JR3R,C5C,  2mV1kQ - 10.475kQ - 48nF - 50nF

1 1

f, = = = 1kHz
27R,C, 27 -1.59kQ-100nF
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The quality factors are

_JRR,CC, IkQ:2.44kQ-207nF -50nF

=0.6183

b Fel((:l + (:2 ) -

1kQ - (207nF +50nF)

_ JR3R,C3C,  V1kQ-10.475kQ - 48nF - 50nF

=1.6179

2T R3(C3+Cy)

1kQ - (48nF + 50nF)

100
(1...00.0. 056
0 o
(100.000,-100[.100)

-200
-400

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

o V(Cl:2) < 20*LOG10(V(ULl:0UT)/V(C1l:2)) ¥ 20*LOG10(V(R3:2)/V(Cl:2)) 20*LOG10(V(R5:2)/V(C1l:2))

Frequenc

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by

—-100dB/decade.
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Sixth-order low-pass (same resistor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The resistor values match here and the circuit provides gain by
means of two additional resistors. This is a sixth-order filter because it has six

capacitors.

Rr3

v |
$
i 2050
o

o
Q

olf——it

cs ce

[

Note: all resistor values match.

Butterworth filter (low-pass) (6"-order)

(104000,1.99

\ (1.000

K,1.4347)

\

|

|

\

ov
1.0Hz

o V(R1:1) <

10Hz

V(C5:1)

100Hz

The cutoff frequency is 1kHz.

1.0KHz

Frequency

The gain is given by the gain resistors:

A

__ Ry+Rg

1kQ+1k02

71

Rg

1k0

2

or

10KHz

100KHz 1.0MHz

AC sweep from 1Hz to 1MHz

+6.02dB
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30

(104000,6.020G2)

(1.0p00K,3.13

53)

O \
\ -
-40 \\
(3.8019K,-65.177)
-80
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
V(R1:1) # 20*LOG10(V(C5:1)/V(R1:1))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude is flat at +6dB in the lower frequency range and then it drops
to +3.1353dB at 1kHz. It eventually decreases to —65.177dB at 3.8019kHz.
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Sixth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading 3
second-order filters. The quality factors for each block must be 0.5177, 0.7071
and 1.9320. This is a sixth-order filter because it has six capacitors.

Butterworth filter (low-pass) (6”‘-order)

A

1.08z 3.0Hz 108 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

AC sweep from 1Hz to 1MHz
The plot shown above clearly demonstrates that increasing the order of the
filter will produce a sharper response. Increasing the order of the filter will
produce an almost vertical drop at the cutoff frequency.

The cutoff frequencies are

1

1
" 22 JRR,C,C, 27/2.584kQ-490Q)- 200nF -100nF
1 1
= = = 1kHz
ez 21 JR3R4C5C;  2m1.125kQ - 1.1245kQ - 2uF - 100nF
1 1
fC3 = 1kHZ

2 RgReCsCs  27/6190 - 2040 - 2uF - 100nF
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The quality factors are

_JRR,C,C, /2.584kQ2-490Q - 200nF -100nF

1= = =0.5177
C,(R, +R,) 100nF - (2.584kQ + 490Q)
R3R4C3C4 1.125k0-1.125kQ-2pF-100nF
0, =Y . = 0.7070
C4(R3+R,) 100nF-(1.125kQ+1.125kQ)
R5R¢CsCq 6190-2040-2uF-100nF
0; =Y . = 1.9310
Ce(Rs5+Rg) 100nF-(6190+204Q)
0 W,\\‘\
Ja—
—
100 \//
-200
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(V1:+) ¢ 20%1ogl0(V(CL1:2)/V(V1:+)) v 20%1ogl0(V(C3:2)/V(V1:+)) 20%1ogl0(V(U3:-)/V(V1:4))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—120dB/decade.

74

www.ice77.net



Sixth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading 3
second-order filters. The quality factors for each block must be 0.5177, 0.7071
and 1.9320. This is a sixth-order filter because it has six capacitors.

UUUUU

D‘w\}—é‘«h}'ﬁ—é
—

/)

0 3.0Hz 308 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Cl:1) ¢ V(Ul:-) v V(U2:00T) V(R5:2)

AC sweep from 1Hz to 1MHz
The plot shown above clearly demonstrates that increasing the order of the
filter will produce a sharper response. Increasing the order of the filter will
produce an almost vertical drop at the cutoff frequency.

The cutoff frequencies are

1 1
= = = 1kHz
fer 2\ RR,C,C, 2m\V615Q - 1.03kQ - 400nF - 100nF
1 1
= = = 1.001kHz
Jez 21\R3R,C5C, 2m\/450Q - 1.405kQ - 400nF - 100nF
1 1
fe3 = 999H7

" 2m/RReCsCe 2mV165Q - 3.844kQ - 400nF - 100nF
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76

The quality factors are

_JRR,C,C, /6150Q-1.03kQ2-400nF -100nF

= - =0.5177
R,(C,+C,) 6150 - (400nF +100nF )
_ yR3R4C3C,  V/450Q - 1.405KQ - 400nF - 100nF 07068
27 Ry(C3+C) 4500 - (400nF + 100nF) -
_ yJRsRsCsCs V1650 - 3.844KkQ - 400nF - 100nF 19307
7 Rs(Cs+Co) 1650 (400nF + 100nF)
0 f%fﬂ,—
fﬂ//
]
/
ACDHZ‘»'( 1:1) 3*«.0222*1:910(‘5(]110:%1) "MCl:l)})a:VZZO*loglU({v’c(qi;Z:OUT),‘J[SCalc:TJ) ZO‘AZAU;I;H(Z\.“{RS:Q}S/:‘;:(IEH;:Hl e e o o o

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—120dB/decade.
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Linkwitz-Riley filter

The Linkwitz-Riley filter was invented by Siegfried Linkwitz and Russ Riley in
1978. This filter is alternatively called Butterworth squared filter (squared
because for the Linkwitz-Riley filter Q=0.5, for the Butterworth filter Q=0.7071
and the square of 0.7071 is 0.5). This filter is used in audio crossovers.

The Linkwitz-Riley filter can be implemented with different orders. For every
order, the gain of the filter will drop by —6dB/octave or —20dB/decade past the
cutoff frequency. Increasing the order of the filter will produce a sharper cutoff.

A 2n"-order Linkwitz-Riley filter can be obtained by cascading 2 n™-order
Butterworth filters (2 2"-order Butterworth filters will produce a 4"™-order
Linkwitz-Riley filter).

In a way, the Linkwitz-Riley filter is a superset of the Butterworth filter which in
turn exploits the Sallen/Key topology.

For a second-order Linkwitz-Riley filter, the quality factor must be 0.5.
Second-order low-pass
In the following example, the circuit is implemented with the Sallen/Key

topology. The quality factor must be 0.5. This is a second-order filter because
it has two capacitors.

V+ V-
o} Qo
\'Z V3
S + +

\. T svae

I

~o

-5vdc

R1
1.58k
\Z3
1va
Ovdc

L

i —

o

Linkwitz-Riley filter (low-pass) (2"-order)

Note: R1=R, and C;=C..
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1.0v \

0.5
ov
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(RL:1) & V(Cl:2)
Frequency
AC sweep from 1Hz to 1MHz
The cutoff frequency is
f. ! ! 1.007kH
= — == 1. Z
‘ 2nJRR,C,C, 2mV1.58kf-1.58k0 - 100nF - 100nF
The quality factor is
3 JRiR,C,C, B V1.58kQ - 1.58k(Q - 100nF - 100nF 05
" C, (R, +Ry,)  100nF - (1.58kQ +1.58kQ)
0
< =
-80

1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(RI:1) ¢ DB(V(C1:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —5.9577dB at 1kHz and then it decreases by
—40dB/decade.
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Second-order high-pass

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.5. This is a second-order filter because
it has two capacitors.

C1 c2
ik ik

aln aln |
10nF 10nF
Vi
1Vacy R2
ovdc!

15.8k
~o

Linkwitz-Riley filter (high-pass) (2™-order)

Note: C1=C, and Ri=R,.

1.2v

0.4v

4

1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Vl:it) ¢ V(R1:2)

Frequency

AC sweep from 1Hz to 1MHz

The cutoff frequency is

1 1
~ 2mJR.R,C.C, 2mV15.8k2- 15.8k02 - 10nF - 10nF

f. = 1.007kHz

The quality factor is

_ VRiR,C1C, _ V15.8kQ - 15.8kQ - 10nF - 10nF
- R(C;+C,) 15.8kQ-(10nF + 10nF)
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-100 —

-130
1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0 V(V1:+) ¢ DB(V(RL:2))
Frequency

Magnitude plot from 10Hz to 1MHz

The magnitude drops to —6.0842dB at 1kHz and then it decreases by
—40dB/decade.
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Fourth-order low-pass (same resistor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The resistor values match here and the circuit provides gain by

means of two additional resistors. This is a fourth-order filter because it has
four capacitors.

R1 R2 R3 R4

3<
S
=
=
—t
=
=

c1 c2 c3
1vacy - =
ovdc

224nF 281nF 222nF

o\\H—#

o

R6
>

Linkwitz-Riley filter (low-pass) (4"™-order)
Note: all resistor values match.

1.5V

1.0 \
\
\
\
0.5V \
\
\
\
I.SDE%J["J;:H 39,?:2;:1) 10Hz 30Hz 100Hz 300Hz ﬁl.D}’HﬂzM 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
A = BRe _ BB0HIR _ 4 33 or  +2.477dB

R 1k0
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-80
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o0 V(V1:t) # 20*%1ogl0(V(C1:1)/V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude is flat at +2.4767dB in the lower frequency range and then it
drops to —3.7dB at 1kHz. It eventually decreases to —61.944dB at 9.3325kHz.
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Fourth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
identical second-order filters. The quality factors for the blocks must be 0.7071
(equivalent to two cascaded Butterworth stages). This is a fourth-order filter
because it has four capacitors.

v+
°
R1 R2 U1A®
3
* N R3
7.5k o0
vi c2 2
m:@ <
ovde T MC33076 |:
| 15nF
[}
V-
=0 s

10w

o LS N I D I A

[NV Y N
\

y [ I S
1.tz 3.Mz 1tz 301z 1001z 3000z 1.0KHz 3. 080z 10kHz 30FHz 1HERZ 300FHz  1.0MHz
o ¥(V1:4) » V(RI:1) » ¥(C3:1)
AC sweep from 1Hz to 1IMHz
The cutoff frequencies are
fu=t, - ! 1kH
= = = = VA
A o JRR,C.C, 2m\T.5kQ - 7.5k0Q - 30nF - 15nF
The quality factors are
JRiR,C:C,  7.5kQ - 7.5kQ - 30nF - 15nF
Q, =0, = = =0.7071

27 C,(Ry + Ry~ 15nF - (7.5kQ + 7.5kQ)
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-0
.
\ \
=50 N
\ .
-100 \
N
/
-150
1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0V(V1:+) ¢ DB(V(R3:1)) v DB(V(C3:1))
Frequency

Magnitude plot from 1Hz to 1IMHz

The magnitude drops to —6dB at 1kHz and then it decreases by
—80dB/decade.
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Fourth-order high-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The capacitor values match here and the circuit provides gain by

means of two additional resistors. This is a fourth-order filter because it has
four capacitors.

C1 c2 c3 c4
1t 1t 1t

k
100n

R3
>

S p:
1.125k 906 1.12k

o

RS)

Linkwitz-Riley filter (high-pass) (4™-order)

Note: all capacitor values match.

(10.000K,1.3061)

(1.0040K, 662.067m) /
0.5V

ov
1.0Hz 10Hz

100Hz 1.0KHz 10KHz 100KHz 1.0MHz
O V(Cl:2) * V(Ul:0UT)

AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:

A= Rs+Rg — 320N+1k0 =132 or +2_4lldB
Rg 1kQ
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60

-100

-200

1.

(176000%, ~37582%8)
(10.pO0K, 2.3198)
0.:.0.0.0
OHz 10Hz 100HzZ 1.0KHz 10KHz 100KHzZ 1.0MHz
o V(Cl:2) o 20%*LOGLO(V(UL:OUT)/V(C1l:2))
Frequenc

Magnitude plot from 1Hz to 1MHz

The magnitude is flat at +2.3198dB in the higher frequency range and then it
drops to —3.5828dB at 1kHz. It eventually decreases by —80dB/decade.

86

www.ice77.net



Fourth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
identical second-order filters. The quality factors for the blocks must be 0.7071
(equivalent to two cascaded Butterworth stages). This is a fourth-order filter
because it has four capacitors.

\\\\\

2
OMFAAﬁNViAAA—A
2
sl | H
X 743 2
<ol A\ e 0¥
J
S
S

Linkwitz-Riley filter (high-pass) (4""-order)

. //
/
/
/
0.4V /
/]
/]
/

1.0Hz 3.0Hz 108z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(Vl:+) ¢ V(U1R:0UT) v V(ULB:0UT)
Frequency

AC sweep from 1Hz to 1IMHz
The cutoff frequencies are

1 1

= = 1kHz
2m/R{R,C,C, 2m\7.5k 15k - 15nF - 15nF

fa1=fe2=

The quality factors are

_ JRiR;C,C;  N7.5kQ-15kQ - 15nF - 15nF
27 R(C,+Cy)~  7.5kQ- (15nF + 15nF)

Q=0 = 0.7071
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-100 —
-200
-260
1.0Hz 3.0Hz 10Hz 308z 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0 V(Vl:+) ¢ DB(V(ULA:QUT)) ¥ DB(V(U1B:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —6dB at 1kHz and then it decreases by
—80dB/decade.
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Sixth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading 3
second-order filters. All blocks cut off at the same frequency. However, the
first stage must have Q=0.5, the second and the third stages must have Q=1.
This is a sixth-order filter because it has six capacitors.

yyyyyy

yyyyyy

G‘\\}—i{w?ﬁ
G\\}*iw‘aif

It £t

Y
AN
)

1.08z 3.08z 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(V1:+) @ V(Cl:2) v V(U1B:-) V(U1C:0UT)
Frequency

AC sweep from 1Hz to 1MHz

The plot shown above clearly demonstrates that increasing the order of the
filter will produce a sharper response. Increasing the order of the filter will
produce an almost vertical drop at the cutoff frequency.

The cutoff frequencies are

1 1
fer = 2m/RiR;C1C;  2mV1.325k02-1.325kQ-120nF-120nF

1
fe2 =fe3 = =
21/ R3R4C3C, 2mV1.59kQ - 1.59kQ - 200nF - 50nF

= 1.001kHz

= 1.001kHz

The quality factors are

__ JR1R;C1C;  \1.325k0-1.325k02:120nF-120nF

Q1= C,(Ri+R;)  50nF-(1.325k0Q+1.325kQ) =05
0 JR3R4C5C,  /1.59kQ - 1.59kQ - 200nF - 50nF
2 = = = =

Qs = C,(R; +R,)  50nF - (1.59kQ + 1.59k0)
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1.0Hz 3.0Hz 108z 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(V1:+) o DB(V(C1:2)) ¥ DB(V(UIB:-)) 4 DB(V(U1C:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —6dB at 1kHz and then it decreases by
—120dB/decade.
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Sixth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading 3
second-order filters. All blocks cut off at the same frequency. However, the
first stage must have Q=0.5, the second and the third stages must have Q=1.
This is a sixth-order filter because it has six capacitors.

5“}*‘%57

n
L5
v vy
ca ur ¢
s
" - cs c6 u:
\\\\\ 7 i i ’ 3 NG N
6 50nF 57nF 1 = 5
Ra oy T s v T
URTT2 4 2
"
o ) UK
v
« = =
= © M o o
o L

Linkwitz-Riley filter (high-pass) (6th-order)

= #_'//‘

A
]
/]
/

1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Cl:1) ° V(ULA:-) v V(R3:2) V(U2A:-)
Frequency

AC sweep from 1Hz to 1MHz
The plot shown above clearly demonstrates that increasing the order of the
filter will produce a sharper response. Increasing the order of the filter will
produce an almost vertical drop at the cutoff frequency.

The cutoff frequencies are

1 1

fer = 2mRiR;C.C;  2mV1.325kQ-1.325k0-120nF-120nF 1.001kHz

1 1

fer = fes 2 RsR,C3C, 2V 1.5k - 6k - 50nF - 57nF

The quality factors are
_ JRiR;C1C, _ 1.325k01.325k(2-120nF-120nF _ 0.5
Q= Ri(C1+C;) ~ 1.325kQ-(120nF+120nF)
R3R,C5C,  V1.5kQ - 6kQ - 50nF - 57nF
0, = 0 = YRaRaGaCs = 0.9979
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r/_,.y—/—”‘f
/J»//
-200
-400
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

0 V(Cl:1) ¢ DB(V(UlA:-)) 9 D(DB(V(R3:2))) & DB(V(U2A:-))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —5.9734dB at 1kHz and then it decreases by

—-120dB/decade.
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Bessel filter

The Bessel filter is named after Friedrich Bessel, a German mathematician
and astronomer who studied the mathematics behind the filter before it was
implemented. This is also known as Bessel-Thomson or Thomson filter. W. E.
Thomson was responsible for actually using the theory and putting it to work.

For a second-order Bessel filter, the quality factor must be 0.5773.
Second-order low-pass

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.5773. When the filter is designed for a

specific frequency, the cutoff must be offset up by 1.2736. This is a second-
order filter because it has two capacitors.

- <

[
<

o
<

2 3

1.74k

1Vac 5vde -5vde

ovdc

ol
o

Bessel filter (low-pass) (2"-order)

1.V

o =

1.0Hz 3.0Hz 108z 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Vl:it) vV(Cl:2)

Frequency

AC sweep from 1Hz to 1IMHz

The cutoff frequency is

1 1

2 JRR,C1C,  2m\1.74k( - 48.6kM - 33nF - 4.3nF

fe
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The quality factor is

RiR,C,C, 174k - 48.6kQ- 33nF - 43nF

= = = 0.5777
C,(R\+Ry)  4.3nF - (L.74k0 + 48.6k0)
20
-0
[
20 \
-40 o
|
-60
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(V1:+) v DB(V(CLl:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by

—-40dB/decade.
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Second-order high-pass

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.5773. When the filter is designed for a
specific frequency, the cutoff must be offset down by 1/1.2736.This is a
second-order filter because it has two capacitors.

+ <
|I o

<

P

J

-5Vdc

—

svdc

.
o

. V2

J;
~o

I

Bessel filter (high-pass) (2"-order)

Note: C,=C..

1.2v

0.8v

0.4v

4

——

ov
1.0Hz 3.08z 108z 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

o V(Cl:1) ¢ V(Ul:-)
Frequency

AC sweep from 1Hz to 1MHz

The cutoff frequency is

1 1
= = = 785Hz
Je 2n/R{R,C,C, 2m\/28.3k) -37.8k1 - 6.2nF - 6.2nF

The quality factor is

RiR,C,C, 283k -37.8kQ- 6.2nF - 6.2nF

= = = 0.5779
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_0 /
-50 —
el
-100 — /
-150
1.0Hz 3.0Hz 10Hz 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

o V(Cl:1) ¢ DB(V(ULl:-))
Frequency

Magnitude plot from 1Hz to 1IMHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—40dB/decade.
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Third-order low-pass (same resistor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The resistor values match here. This is a third-order filter because it
has three capacitors.

V+

V-
R1 R2 R3
YW MWy RRZ BR%
712 712 = =
. (féﬂ c | c2 | ; 5vde -5vde
ovde 218n 314n
=0 =
A H
Bessel filter (low-pass) (3"-order)
Note: R1=R2:R3.
\\ (1.0006K,715.976km)

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1:i+) ° V(Ul:-)

AC sweep from 1Hz to 1IMHz

The cutoff frequency is 1kHz.

20

(10.034K,-51.0(46)

-50

-100
1.0Hz 10Hz 100HzZ 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1l:+) < 20*LOGLO(V(Ul:=)/ V(V1:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —2.8984dB at 1kHz and then it decreases to —
51.006dB a decade later.
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Third-order low-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The capacitor values match here and the circuit provides gain by
means of two additional resistors. This is a third-order filter because it has
three capacitors.

R1 R2

<
M_io-‘-
<
N
<
o
<
3

ove Iwon 100n R4§ o l I
. "0 "0
=0 j
RS§ )
+
Bessel filter (low-pass) (3"-order)
Note: C1=C,=Ca.
(10.000,2.1998)
o \\ (1.00G0K,1.5651
\
1.0V \ =
\
\
\
l.ODHz\](v1:+) V(Ul:é(sjl—;z) 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.
The gain is given by the gain resistors:
R, +R. 1.2kQ +1kQ
A=—"21_2>= =22 or +6.848dB

R, 1kQ
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30
' ! (1.0p00K,3.8909)
e
0
\ ( K )
-50 \
\H_ﬂw\

-100

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

0 V(Vl:+) ¢ 20*LOGLO(V(Ul:0UT)/ V(V1:+))
Frequency

Magnitude plot from 1Hz to 1IMHz
The magnitude is flat at +6.8478dB in the lower frequency range and then it

drops to +3.8909dB at 1kHz. It eventually decreases to —44.399dB one
decade later.
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Third-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after a second-order filter. For the second-order block
the quality factor must be 0.6910 whereas the quality factor for the low-pass
filter is not defined. When the filter is designed for a specific frequency, the
cutoff of the second-order block must be offset up by 1.4524 and the cutoff for
the RC filter must be offset up by 1.3270. This is a third-order filter because it
has three capacitors.

™
\ \\
LACH%"(W. : 3\3[1-121 : ”({D,H,Zn) 30Hz 1008z 300Hz Vl.OYI-le 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
1 1
for = = = 1.452kHz
2m\RR,C,C, 2m\2.81k2 - 20.5k2 - 33nF - 6.8nF
1 1
= = = 1.315kH
Jeo = GnRiCy = 2m 121k 10nF . O LOkHZ
The quality factor of the second-order block is
VRiR,C,C,  ~2.81kf2 - 20.5k02 - 33nF - 6.8nF
=y 2772 = 0.6973

" C,(R{+R,)  6.8nF - (2.1kQ2 + 20.5k02)
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RN

.0Hz 3.0Hz 108z 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V (V1+) o 20%1ogl0 (V(C1:1)/V(V1:4)) v 20%1ogl0(V(C3:2) /V(V1:t))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —2.9544dB at 1kHz and then it decreases by
—60dB/decade.
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Third-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple high-pass filter after a second-order filter. For the second-order block
the quality factor must be 0.6910 whereas the quality factor for the low-pass
filter is not defined. When the filter is designed for a specific frequency, the
cutoff of the second-order block must be offset down by 1/1.4524 and the
cutoff for the RC filter must be offset down by 1/1.3270. This is a third-order
filter because it has three capacitors.

<
oF

<
o

' V3

1r )
\ 22n v svd

9.09k

-5vd

=
<
o
Q
S<
B
o
@
3
-
5 I
Et

ovde

Pl
3
O‘ -
‘\H—_m
o
I—F
o

o

Bessel filter (high-pass) (3"-order)

—
/
/
I/
4 /]
/
ov /
;C:lzvml:ﬂ 3‘2}‘:2312) [101-11) 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f. ! ! 688H
= = = Z
°t 2m\/R1R,C,C, 2mV4.32kf - 18.2k0 - 68nF - 10nF
1 1
= = = 796H
Je2 = SRy = 2n - 9.09k0 - 220F z
The quality factor of the second-order block is
JR{R,C1C,  +2.81k0 - 20.5k - 33nF - 6.8nF
=y 272 = 0.6862

"~ R(C,+Cy) 432k - (68nF + 10nF)
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-200

1.

.
-

//

OHz 3.0Hz 108z

8 V(VLtt) + 20%10gl0(V(C3:2) /V(VLt+

308z

))

1008z
v 20%10gl0 (V(R3:

2) /v (VL))

300Hz 1.0KHz

Frequency

3.0KHz

10KHz

30KHz

100KHz 300KHz 1.0MHz

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3.2137dB at 1kHz and then it decreases by
—60dB/decade.
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Fourth-order low-pass (same capacitor values)

In the following example, the circuit is implemented with the Sallen/Key
topology. The capacitor values match here and the circuit provides gain by
means of two additional resistors. This is a fourth-order filter because it has
four capacitors.

R1 R2 R3

. <
‘ ‘ :
<
N

<
3

1.265k

‘ 640 4.41k

c1L cz c3

Vi
1Vac@ = = =
ovdc
100n 100n 100n
0

svdc -5vdc

"

o

o

R6

Bessel filter (low-pass) (4™-order)

Note: all capacitor values match.

(10.0G0,2.1998)

\\ (1.0000K,1.5627)

S———
ov S

1.0Hz 10Hz 100HZz 1.0KHz 10KHz 100KHz 1.0MHz
O V(V1i:+) & V(C3:1)

Frequency

AC sweep from 1Hz to 1MHz
The cutoff frequency is 1kHz.

The gain is given by the gain resistors:

J = RstRe _ 12ka+1k0 _
Re 1kQ

2.2 or +6.848dB
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20

(IO 0UD, 6B ATEY
(1.0000K,3.8777)

-20

-40

(12[.589K, -50.168)

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
o V(V1l:+) ¢ 20*LOG10(V(C3:1)/V(V1:+))

Magnitude plot from 1Hz to 1MHz
The magnitude is flat at +6.8478dB in the lower frequency range and then it

drops to +3.8777dB at 1kHz. It eventually decreases to —50.168dB at
12.689kHz.
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Fourth-order low-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must
be 0.5219 and 0.8055 respectively. When the filter is designed for a specific
frequency, the cutoff of the first block must be offset up by 1.4192 and the
cutoff for the second block must be offset up by 1.5912. This is a fourth-order
filter because it has four capacitors.

R3 R4
A

V V
1.91k 16.2k

\ :
e ]
TEBn
! |
Bessel filter (low-pass) (4™-order)
1.0 N\
0.5V \\\\
ov Pt
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(Vltt) ¢ V(UIR:-) v V(ULB:0UT)
Frequency
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f. ! ! 1.432kH
= = = 1. Z
A onJRR,CiC, 2mV1.96kQ - 19.1kQ2 - 33nF - 10nF
1 1
fea = 1.6kHz

 2nJR3R.CsC, 2mV1.91kQ - 162k - 47nF - 6.8nF
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The quality factors are

R,R,C,C, ~/1.96k-19.1k(2 - 33nF - 10nF

L= GRAR,) . 10nF - (1.96kQ + 19.1kf2) 0278
R3R,C5C, 191k - 162k - 47nF - 6.8nF

2= 0 (Ra+ Ry 68nF - (LoIkO + 16,2k 807>

0
Iy
-100
-200
1.0Hz 3.0Hz 106z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(VI:4) e 20%10gl0 (V(ULA:-) /V(V1:4)) v 20%1ogl0 (V(U1B:OUT) /V (V1:4))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —2.9084dB at 1kHz and then it decreases by
—80dB/decade.
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Fourth-order high-pass (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must
be 0.5219 and 0.8055 respectively. When the filter is designed for a specific
frequency, the cutoff of the first block must be offset down by 1/1.4192 and
the cutoff for the second block must be offset down by 1/1.5912. This is a
fourth-order filter because it has four capacitors.

R1
A

Wy
3.83k

c1

c2
i i ; ‘
100n 15n
2
R2 >
9.09k HA-2600 |
0

c3

O

1vac
ovdc!

o

ca
i o 3
68n 15n
2
R4 ~
16.5k HA-2600 -
0

Bessel filter (high-pass) (4™-order)

ey
0.8 /
/
o //
/]
/]
A

1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(CL:2) ¢ V(Ul:-) v V(U2:-)
Frequency

AC sweep from 1Hz to 1MHz

The cutoff frequencies are

1 1
= = = 696Hz
Jer 2mJRR,C,C, 2m\/3.83k-9.09k( - 100nF - 15nF
1 1
fez = 627Hz

2 JR3R,C5C, 2m\3.83k(2 - 165k - 68nF - 15nF
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The quality factors are

_ JRiRC1C;  V3.83k0 - 9.09k0 - 100nF - 15nF 05188
L7 R(C+Cy) — 3.83kn-(100nF + 15nF)
R3R,C5C4 \/3.83k0 - 16.5kN - 68nF - 15nF

, = = =0.7978
L A
100 /
Y / /
/

-200

1.0Hz 3.0Hz 106z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0V(Cl:2) ¢ 20%¥1ogl0(V(ULl:-)/V(C1:2)) v 20%1ogl0(V(U2:-)/V(C1:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3.0854dB at 1kHz and then it decreases by
—80dB/decade.
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Chebyshev filter

The Chebyshev filter bears the name of Pafnuty Lvovich Chebyshev, a
Russian mathematician who developed the theory behind the Chebyshev
polynomials.

Chebyshev filters come in two variants: if the ripple is present in the
passband, they are called Type | otherwise, if the ripple is present in the
stopband, they are called Type Il (also known as Inverted).

Type I

This is the Chebyshev filter with the ripple in the passband. It's probably the
most common version of the filter.

The filter can be designed to have different ripples that can vary from 0.5dB to
3dB and intermediate values (typically in 0.5dB increments).

For a second-order Chebyshev Type | filter, the quality factors must be
0.8637, 0.9565, 1.1286 and 1.3049 for 0.5dB, 1dB, 2dB and 3dB versions of
the filter respectively.

Second-order low-pass (0.5dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.8637. When the filter is designed for a
specific frequency, the cutoff must be offset up by 1.2313. This specific filter is
designed to have a 0.5dB ripple in the passband. This is a second-order filter
because it has two capacitors.

+ <
IF—"
<

2 3

' + <
s
<

svde -5vdc

R2
MWy VW
749 749
Vi c2
1Va
ovdc
100n

=0 5

|
o

.||
o

Chebyshev 0.5dB ripple filter (low-pass) (2"-order)

Note: for a 0.5dB ripple, R1=R; and C;=2.986xC.,.
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1.2v
0.8 \\
\
\
. 3
\
ov \ .
1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0V(RL:1) ¢ V(C1:2)
Frequency

AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.

The cutoff frequency is

1 1
Je 2mJR,R,C,C;, 2m\7490 - 7490 - 298nF - 100nF
The quality factor is
_ JRiR,C1C; 749027490 - 298nF - 100nF 0.8631
" Ci(Ri+R,) ~ 100nF - (7490 +7490)
-0
=20
jre
X
-40
G
_613.81-12 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

o V(R1:1) # DB(V(CL:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.
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-2.0
308z 1004z 300Hz 1.0KHz 3.0KHz
0V(RI:1) ¢ DB(V(C1:2))
Frequency

Close-up of 0.5dB ripple

The frequency response of the circuit peaks at 709Hz with a 0.5dB overshoot
and then it decays rapidly passing through 0dB at 1kHz.
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Second-order low-pass (1dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.9565. When the filter is designed for a
specific frequency, the cutoff must be offset up by 1.05. This specific filter is
designed to have a 1dB ripple in the passband. This is a second-order filter
because it has two capacitors.

- <

[
<

[
<

2 3

svdc -svdc

O%H—|
O‘IH—|

Chebyshev 1dB ripple filter (low-pass) (2"-order)

Note: for a 1dB ripple, R3=R4 and C3=3.663xC,.

1.2v
/
0.8 \\
\
\
0.4 \\
\
oy | ——]
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(R3:1) ¢ V(U2:00T)
Frequency
AC sweep from 1Hz to 1IMHz
The ripple in the passband is noticeable.
The cutoff frequency is
f. ! ! 1.05kH
= = = 1. Z
¢ 2mJR3R,C5C, 2m\79202 7920 - 366nF - 100nF
The quality factor is
JR3R,C5C4 V79202 -7920 - 366nF - 100nF
= = = 0.9566

"~ C4(R3+R,)  100nF - (7920 + 7920)
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]

-60
1.0Hz 3.0Hz 108z 308z 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(R3:1) ¢ DB(V(U2:00T))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

B
| e
\
\
\

308z 1008z 3008z 1.0KHz 3.0KHz
0 V(R3:1) ¢ DB(V(U2:00T))
Frequency

Close-up of 1dB ripple

The frequency response of the circuit peaks at 707Hz with a 1dB overshoot
and then it decays rapidly passing through 0dB at 1kHz.
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Second-order low-pass (2dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 1.1286. When the filter is designed for a
specific frequency, the cutoff must be offset down by 0.9072. This specific
filter is designed to have a 2dB ripple in the passband. This is a second-order
filter because it has two capacitors.

<
H
3
(o]
(2]
|—.
s
<
N
' + <
s
<
w

5vde -5vdc

1Vac,
ovdc

100n

|
o

.||
o

o.||

Chebyshev 2dB ripple filter (low-pass) (2"-order)

Note: for a 1dB ripple, Rs=Rs and C5=5.098xCs.

1.5V
\
1.0v
\
\
\\
: \
\
N
o : |
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Kz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(R5:1) ¢ V(Ul:00T)
Frequency
AC sweep from 1Hz to 1IMHz
The ripple in the passband is noticeable.
The cutoff frequency is
f. ! ! 908H
= = = Z
¢ 2nJRsR.CsC, 2m\77702 7770 -509nF - 100nF
The quality factor is
JRsRsCsCs V7770277702 - 509nF - 100nF
Q= = =1.1281

" C¢(Rs+Rg)  100nF - (7770 4+ 7770)
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-60
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(R5:1) ¢ DB(V(UL:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

3.0

PR

-1.0
308z 1004z 300Hz 1.0KHz 3.0KHz
0V(R5:1) ¢ DB(V(UL:0UT))
Frequency

Close-up of 2dB ripple

The frequency response of the circuit peaks at 707Hz with a 2dB overshoot
and then it decays rapidly passing through 0dB at 1kHz.
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Second-order low-pass (3dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 1.3049. When the filter is designed for a
specific frequency, the cutoff must be offset down by 0.8414. This specific
filter is designed to have a 3dB ripple in the passband. This is a second-order
filter because it has two capacitors.

+ <
[E—
<

2 3

' + <
"
<

5vdc -5vdc

|
o

.||
o

R8
MWV YW t
725 725
\Z3 Cc8
1Vac
100n
0

Chebyshev 3dB ripple filter (low-pass) (2"-order)

Note: for a 1dB ripple, R,=Rg and C7;=6.812xCs.

1.5V

. |
\
\
AN
. S~ ) I
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
G V(R7:1) ¢ V(Ul:00T)
Frequency
AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.
The cutoff frequency is
fi ! ! 841H
= = = VA
¢ 2nJR,RgC,C5 2n\7250 - 7250 - 681nF - 100nF
The quality factor is
JR7RsC;Cs V72507250 - 681nF - 100nF
= = = 1.3048

"~ Cg(R,+Rg)  100nF - (7250 + 7250)
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-60
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(R7:1) ¢ DB(V(UL:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

4.0
N
. 7 \\
: : \
\
’_,_,_,,,.J—r'f/
0
\
\
-2.0 \
308z 1004z 300Hz 1.0KHz 3.0KHz
0V(R7:1) ¢ DB(V(UL:0UT))
Frequency

Close-up of 3dB ripple

The frequency response of the circuit peaks at 708Hz with a 3dB overshoot
and then it decays rapidly passing through 0dB at 1kHz.
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Second-order high-pass (0.5dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.8637. When the filter is designed for a
specific frequency, the cutoff must be offset down by 1/1.2313.This specific
filter is designed to have a 0.5dB ripple in the passband. This is a second-
order filter because it has two capacitors.

2 3

+ <
[
<
"
<

svdc svdc

3.382k

.||
o

I
o

c:.”

Chebyshev 0.5dB ripple filter (high-pass) (2"-order)

Note: for a 0.5dB ripple, C1=C; and R,=2.986xR;.

Loy

T~
\\

0w :w/

1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(Cl:1) ¢ V(U1:00T)

Frequency

AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.

The cutoff frequency is

1 1
= = = 812Hz
Je 2mJR{R,C,C, 2m\/1.135k( - 3.38202 - 100nF - 100nF
The quality factor is
JR1R,C,C,  1.135k02 - 3.382kQ - 100nF - 100nF
= = = 0.8631

" R(C+Cy) 1.135kR2 - (100nF + 100nF)
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-100 /

1.0Hz 3.0Hz 108z 30Hz 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(Cl:1) ¢ DB(V(U1:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

2.0

-2.0
300Hz 1.0KHz 3.0KHz 10KHz 30KHz
0V(Cl:1) ¢ DB(V(UL:0UT))
Frequency

Close-up of 0.5dB ripple

The frequency response of the circuit peaks at 1.4125kHz with a 0.5dB
overshoot and then it decays rapidly passing through 0dB at 1kHz.
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Second-order high-pass (1dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 0.9565. When the filter is designed for a
specific frequency, the cutoff must be offset down by 1/1.05. This specific filter
is designed to have a 1dB ripple in the passband. This is a second-order filter
because it has two capacitors.

+ <
[
<

2 3

' + <
"
<

svde -5vdc

I I - ;
100n 100n
Vi R4 2
1Va -
ovde

Chebyshev 1dB ripple filter (high-pass) (2”d-order)

|
o

.||
o

Note: for a 1dB ripple, C3=C,4 and R4=3.663xR.

1.2v

1.0Hz 3.0Hz 10Hz 30Hz 100z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

Frequency

AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.

The cutoff frequency is

1 1
= = = 952Hz
Je 2m\/R3R,C5C,  2m\/8740 - 3.2k - 100nF - 100nF
The quality factor is
JR3R,C3C, /8740 -3.2k02 - 100nF - 100nF
= = = 0.9567

"~ R3(C3+C,) 8740 - (100nF + 100nF)
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1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(C3:1) o DB(V(R3:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

2.0
0 &
\
e
e
/
/
/
: /
[
[
[
-2.0 /
3008z 1.0KHz 3.0KHz 10KHz 30KHz
o V(C3:1) ¢ DB(V(R3:2))
Frequency

Close-up of 1dB ripple

The frequency response of the circuit peaks at 1.4125kHz with a 1dB
overshoot and then it decays rapidly passing through 0dB at 1kHz.
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Second-order high-pass (2dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 1.1286. When the filter is designed for a
specific frequency, the cutoff must be offset up by 1/0.9072. This specific filter
is designed to have a 2dB ripple in the passband. This is a second-order filter
because it has two capacitors.
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I ——
<

[
<

2 3

5vdc -5vdc
v1 R6 2|

3.26k

I
o

|
o

)
o.||

Chebyshev 2dB ripple filter (high-pass) (2"-order)

Note: for a 2dB ripple, Cs=Cs and Rg=5.098xRs.

1.5v

1.0V1= = = = = = = =
K\

v
1.0Hz 3.0Hz 108z 308z 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
6V(C5:1) ¢ V(R5:2)
Frequency

AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.

The cutoff frequency is

1 1
= = = 1.102Hz
Je 21\/RsRsCsCs  2m\/6400 - 3.26k(2 - 100nF - 100nF
The quality factor is
RsRCsC 64040 - 3.26k - 100nF - 100nF
_ YRsReCsCo n © - 11285

" Rs(Cs+C) 6400 - (100nF + 100nF)
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-100 /
1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0V(C5:1) ¢ DB(V(R5:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

3.0

3008z 1.0KHz 3.0KHz 10KHz 30KHz
GV(C5:1) ¢ DB(V(R5:2))
Frequency

Close-up of 2dB ripple

The frequency response of the circuit peaks at 1.4125kHz with a 2dB
overshoot and then it decays rapidly passing through 0dB at 1kHz.
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Second-order high-pass (3dB ripple)

In the following example, the circuit is implemented with the Sallen/Key
topology. The quality factor must be 1.3049. When the filter is designed for a
specific frequency, the cutoff must be offset up by 1/0.8414. This specific filter
is designed to have a 3dB ripple in the passband. This is a second-order filter
because it has two capacitors.
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) oy 5vdc -5vdc
V1 R8 g ,
1Vac > o
OVdcl
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3.494k
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Chebyshev 3dB ripple filter (high-pass) (2"-order)

Note: for a 3dB ripple, C;=Cg and Rg=6.812xR5.

1.5V
[\
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foN
1.0V 2
/
|
//
: [
/
ov
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(CT:1) ¢ V(U1:00T)
Frequency
AC sweep from 1Hz to 1MHz
The ripple in the passband is noticeable.
The cutoff frequency is
f ! ! 1.189H
= = = 1. Z
¢ 2nJR,RgC,C5 2m\/5130 - 3.494k0 - 100nF - 100nF
The quality factor is
R,RgC-,C 5130 - 3.494k - 100nF - 100nF
_ YR ReCrCs = 1.3049

"~ R,(C,HCy) 5130 - (100nF + 100nF)
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-100
-140
1.0Hz 3.0Hz 108z 308z 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

0 V(C7:1) ¢ DB(V(UL:0UT))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to 0dB at 1kHz and then it decreases by —40dB/decade.

4.0
VRN
2.0 //
[, ,
0
/
/
/
3008z 1.0KHz 3.0KHz 10KHz 30KHz
G V(C7:1) ¢ DB(V(UL:0UT))

Frequency

Close-up of 3dB ripple

The frequency response of the circuit peaks at 1.4125kHz with a 3dB
overshoot and then it decays rapidly passing through 0dB at 1kHz.
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Third-order low-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after a second-order filter. For the second-order block
the quality factor must be 1.7062 whereas the quality factor for the low-pass
filter is not defined. When the filter is designed for a specific frequency, the
cutoff of the second-order block must be offset up by 1.0689 and the cutoff for
the RC filter must be offset down by 0.6265. This is a third-order filter because
it has three capacitors.

2.0V
1.0v e \\
. S e
1.tz 3.Mz 1tz 301z 1001z 3000z 1.0KHz 3. 080z 10kHz 30FHz 1HERZ 300FHz  1.0MHz
o Y(R1:1) » ¥(C1:1) » ¥(R3:2)
Frequency
AC sweep from 1Hz to 1IMHz
The cutoff frequencies are
f. ! ! 1.066kH
= = = 1. VA
A 2nJRRyCiC,  2mV1.87k(2 - 16.9k2 - 150nF - 4.7nF
1 1
fCZ = 629Hz

T 2mRsCs  2m- 11.5kQ - 22nF
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The quality factor of the second-order block is

RiR,C,C, 187k~ 16.9kQ - 150nF - 4.7nF

C,(Ri+R,)  4.7nF - (1.87k + 16.9k0)

-14¢
1.1z 3.00z 1tz 300z 1001z 3001z 1.0KHz 3.0RHz 10¥HZ 30¥HZ 1H0RHZ 300¥Hz  1.0MEz
o V[R1:1] » 20%1ogl0(V(C1:1)/V(R1:1)] - 20%1logl0[V[R3:2]) /¥([R1:1)]
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.5464dB at 1kHz and then it decreases by
—60dB/decade.
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Third-order high-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple high-pass filter after a second-order filter. For the second-order block
the quality factor must be 1.7062 whereas the quality factor for the low-pass
filter is not defined. When the filter is designed for a specific frequency, the
cutoff of the second-order block must be offset down by 1/1.0689 and the
cutoff for the RC filter must be offset up by 1/0.6265. This is a third-order filter
because it has three capacitors.

C1

Cc3 2 3

4

5vde -5vde

3<

B
o
o 3

1Vag 15n
ovdc
R3

6.65k

JF——F—
JF—F—"

‘\‘
IS)

0

/\\
1.0V e 5 o 5 / M\L
O
01\“.C‘Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
aV(Cl:2) ¢ V(C3:2) v V(R3:2)
Frequency
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f, ! ! 938H
= = = Z
°t 2m /R R,C,C, 2m\1.87k0-48.7kQ - 47nF - 6.8nF
1 1
= = = 1.596kH
Je2 = 3Ry = 2n - 6.65k0 - 15nF z
The quality factor of the second-order block is
JRiR,C1C,  \1.87k0 - 48.7kN - 47nF - 6.8nF
=y 22 = 1.6958

"~ R(C,+Cy)  1.87k0 - (47nF + 6.8nF)
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-200
1.0Hz 3.0Hz 10Hz 308z 100Hz 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0 V(Cl:2) ¢ 20¥1ogl0(V(C3:2)/V(C1:2)) v 20*1ogl0(V(R3:2)/V(C1:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.5422dB at 1kHz and then it decreases by
—60dB/decade.
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Fourth-order low-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must
be 0.7151 and 2.9406 respectively. When the filter is designed for a specific
frequency, the cutoff of the first block must be offset down by 0.5970 and the
cutoff for the second block must be offset up by 1.0313. This is a fourth-order
filter because it has four capacitors.

11111

R1 R2
A

1vag

g
I
° <
:

0V [~ P

1.0Hz 3.0Hz 108z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(Rl:1) ¢ V(R3:1) v V(UIB:0UT)
Frequency

AC sweep from 1Hz to 1IMHz

The cutoff frequencies are

1 1
Jer 2mJRR,C,C, 2m\1.37kQ - 15.8k2 - 150nF - 22nF

1 1
fe2 = 1.038kHz

21 JR3R.CsC,  2mN2.26k2 - 21.5k0 - 220nF - 2.2nF
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The quality factors are

RiR,C,C, 137k - 158k - 150nF - 22nF
VT G (R+Ry)  22nF - (1.37k2 + 15.80)
R3R,C5C, \/2.26k- 21.5k02 - 220nF - 2.2nF
2 =GR+ Ry 22nF-(226k0+ 215k) =338

= 0.7075

-0
/
-50 [
\ \\ o
-100 \\
\R—'—’/

-140

1.0Hz 3.0Hz 106z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz

o V(RL:1) ¢ 20*1ogl0(V(R3:1)/V(R1:1)) v 20*1ogl0(V(U1B:0UT)/V(R1:1))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.036dB at 1kHz and then it decreases by
—80dB/decade.
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Fourth-order high-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading two
second-order filters. The quality factors for the first and the second block must
be 0.7051 and 2.9406 respectively. When the filter is designed for a specific
frequency, the cutoff of the first block must be offset up by 1/0.5970 and the
cutoff for the second block must be offset up by 1/1.0313. This is a fourth-
order filter because it has four capacitors.

R1
A

c3 ca
1

1Vac
ovde

JH—&—

o

1.2v
e .
|~
L/ AN
N/ N\
I/ \
L/
/f /
)/
yh
ov /
1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o vV(Cl:2) ¢ V(C3:2) v V(R3:2)
Frequency
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
1 1
fa = = = 1.68kHz
2mJRiR,C,C; 2mN2.37k0 -8.06k - 47nF - 10nF
1 1
fen =961Hz

21 R3R,C3Cs  2mV15k0 - 118k - 33nF - 4.7nF
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The quality factors are

_ VRiR,C1C;  N2.37k0) - 8.06k - 47nF - 10nF 0.7014
V7 R(C+Cy) — 237k - (47nF +10nF)
_ VR3R(5C, \V1.5kQ - 118k - 33nF - 4.7nF _ 29299
27 Ry(C3+C)  15kn-(33nF +4.7nF) 7
]
| o
4'/
|7l
100
L
A
-200 //
1.0Hz 3.0Hz 10Hz 30Hz 100Hz 300Hz

1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(Cl:2) ¢ DB(V(C3:2)) v DB(V(R3:2))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.14dB at 1kHz and then it decreases by
—80dB/decade.
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Fifth-order low-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after two second-order filters. The quality factors for the
first and the second block must be 1.1778 and 4.5450 whereas the quality
factor for the low-pass filter is not defined. When the filter is designed for a
specific frequency, the cutoff of the first block must be offset down by 0.6905,
the cutoff for the second block must be offset up by 1.0177 and the cutoff for

the RC filter must be offset down by 0.3623. This is a fifth-order filter because
it has five capacitors.

3300

i
° <

I
- “‘\4%. R

i =
Chebyshev 0.5dB ripple filter (low-pass) (5th-order)
/
/
A
2.0 ‘\
\
I
L l
. \
SH
|
\
N\
0V N
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(Vltt) ¢ V(U1R:0UT) v V(C3:1) V(C5:2)
Frequency
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
1 1
fa = = = 689Hz
2mJR,R,C,C;  2m\2kQ -17.8k0 - 150nF - 10nF
1 1
= = = 1.014kHz
fez 2mR3R,C5C, 2mV2.43kQ - 20.5kQ - 330nF - 1.5nF
1 1
fes = 364Hz

T 2nRsCs  2m-9.31kQ - 47nF
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The quality factors are

3 JR1R,C.C, _ V2kQ - 17.8kQ - 150nF - 10nF
¢ = R, (Ci+C,) 2k - (150nF + 10nF)
B VR3R,C5C, _ V2.43kQ - 20.5kQ - 330nF - 1.5nF

=1.1671

0, = = = 4.5655
R4(Cs + Cy) 2.43k0 - (330nF + 1.5nF)
O 7 7 k\ 7
\
\ \
.\‘)H_’_’_’_’_‘/,—;JF’JJ
-100 /
-200
1.0Hz 3.0Hz 106z 30Hz 1004z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(V1:+) ¢ DB(V(ULA:OUT)) v DB(V(C3:1)) DB(V(C5:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.519dB at 1kHz and then it decreases by
—100dB/decade.
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Fifth-order high-pass (0.5dB ripple) (cascaded)

This circuit is implemented with the Sallen/Key topology by cascading a
simple low-pass filter after two second-order filters. The quality factors for the
first and the second block must be 1.1778 and 4.5450 whereas the quality
factor for the low-pass filter is not defined. When the filter is designed for a
specific frequency, the cutoff of the first block must be offset up by 1/0.6905,
the cutoff for the second block must be offset down by 1/1.0177 and the cutoff
for the RC filter must be offset up by 1/0.3623. This is a fifth-order filter
because it has five capacitors.

i
.
anF
v
a
ovid

,,,,,,,

—l—
ow}jmﬁ—o*

HS%
‘ 357

S

0

Chebyshev 0.5dB ripple filter (high-pass) (5th-order)

|
\
I
2.0 I’ \
| \
=N
Ly [/
J /
|
¥
yd
31'\5.‘2‘1-12 3.0Hz 10Hz 30Hz 1008z —’;(;UEZ 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0V(Cl:2) ¢ V(R1:2) v V(UIB:-) V(C5:1)
AC sweep from 1Hz to 1MHz
The cutoff frequencies are
f . ! 1.433kH
= = = . Z
A onJRR,CiC, 2mN2.37kQ - 23.2k2 - 33nF - 6.8nF
1 1
= = = 981Hz
fez 2mR3R,C5C,  2mV953Q - 178k - 33nF - 4.7nF

1 1

fes = 9nReC. ~ 2m 357k 15nF z
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The quality factors are

_ JRiR,C,C,  2.37k0)-23.2kf2 - 33nF - 6.8nF

= = =1.1776
& R,(Ci + Cy) 2.37kQ - (33nF + 6.8nF)
JR3R,C3C, 9530 - 178kQ - 33nF - 4.7nF
Q, = = = 4.5147
R3(C3 + Cy) 9530 - (33nF + 4.7nF)
0 //
| /
10 //
/
/
0 /
]

1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz  1.0MHz
0V(C1:2) ¢ DB(V(R1:2)) v DB(V(UIB:-)) & DB(V(C5:1))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —0.943dB at 1kHz and then it decreases by
—100dB/decade.
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Fifth-order high-pass (1dB ripple)

This circuit is implemented with two notch filter blocks and a simple RC filter.
This is a fifth-order filter because the circuit contains five capacitors.

1.2
S—

- AN

/
0.4 )

|

|

/
10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz

o V(Cl:2) ¢ V(U2B:-)
Frequency

AC sweep from 10Hz to 100kHz

The magnitude drops rapidly near 1kHz. The ripple in the passband is
noticeable.

-200

10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
0V(C1:2) ¢ 20%logl0(V(U2B:-)/V(C1:2))

7 Hl\h/lagnitude plot from 10Hz to 100kHz

The cutoff for the filter is at 1kHz. Then it drops by —100dB. The ripple in the
stopband is noticeable.
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Type 1l

This is the Chebyshev filter with the ripple in the stopband. This filter has a
very sharp cutoff.

Fifth-order low-pass

This circuit is implemented with two notch filter blocks and a simple RC filter.
This is a fifth-order filter because the circuit contains five capacitors.

\\}—A\\h—
U‘“}ii“ﬁ;‘f

Inverted Chebyshev filter (low-pass) (5™-order)

(T07000,T7T )
(1.000¢K,807.692m)

ov
1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

O V(R1:1) < V(R3:2) v V(C3:2) V(R11:2)

AC sweep from 1Hz to 1MHz

The gain in the passband boosts the input from 1V to 1.15V and then it drops
rapidly right before 1kHz. The ripple in the stopband is noticeable.
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(1.0p02K,-1.8478) /

\\ // (10.q00K,-21.079
-20

-40
100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz
o V(RL:1) ¢ 20*LOGLO0(V(R3:2)/V(R1:1)) v 20%LOG10(V(C3:2)/V(R1:1)) 20%L0G10 (V(R11:2) /V(R1:1))
Frequency

Magnitude plot from 100Hz to 100kHz

The magnitude is +1.2741dB in the passband and —1.8478dB at 1kHz. Then it
drops to —21.079dB a decade later. The ripple in the stopband is noticeable.
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Elliptical or Cauer filter

The Elliptical or Cauer filter has a sharp cutoff. It is named after Wilhelm
Cauer, a German mathematician who developed the theory behind the filter.

Third-order low-pass

This circuit is implemented with an asymmetrical twin-T notch filter (R1, Rz, R3,
C,, C3, Cy). This is a third-order filter.

R6 V-
> o
; 4.42k UL
<
2 UA741
- 9 . R7
cal oy AW ——=
20n 3 2.358k v
R5 */I/ O
V+
§ cs
1k
T 1000
o
| V+
=0
R1 R2 Y
WI AVAVAV

6.242k 6.242k
c2 c3

o o
b ca | R4 |
10n 10n 44n ;
47.94k V2 v3
"
R3 = =
§ T 5Vde = 5Vdc
3.111k = =
E h ;|; :|:
-, TO

Elliptical or Cauer filter (low-pass) (3"-order)

@E__
|

1Vac,
ovdc!

S

(10.000,4.2998)

(1.0011K,2.804F))

ov

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz
0 V(C2:2) ¢ V(R7:2)

Frequency

AC sweep from 1Hz to 1MHz

The gain in the passband boosts the input from 1V to 4.3V. The ripple in the
passband is barely noticeable. The magnitude drops rapidly right before 1kHz.
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50
(10000, 12.669) (1.0098K,8.7278
0
\ (10.d00K, -29.354)

|
-100

1.0Hz 10Hz 100Hz 1.0KHz 10KHz 100KHz 1.0MHz

0 V(C2:2) ¢ 20%LOG1O (V(R7:2)/V(C2:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude is +12.669dB in the passband and +8.7278dB at 1kHz. Then it

drops to —29.254dB a decade later.
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Synchronous filter

Synchronous filters are made up by a series of filters cascaded after each
other. Each capacitor introduces one or more poles. Resistors and capacitors
usually have all the same values and they are tuned to a specific cutoff
frequency.

Second-order low-pass
In the following example, the circuit is implemented with the Sallen/Key

topology. This circuit is similar to the Linkwitz-Riley circuit discussed
previously (Q=0.5). This is a second-order filter because it has two capacitors.

1.022k

D
&2

1Vac
ovdc

o
|
IS)

q‘

o

Synchronous filter (low-pass) (2"-order)

Note: all resistor and capacitor values match.

1.0V —

N

g I

1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz

Frequency

AC sweep from 1Hz to 1MHz

The cutoff frequency is

1 1

= = = 1.557kHz
2mJR1R,C.C;  2m\1.022k2 - 1.022k2 - 100nF - 100nF

fe
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Note that the cutoff frequency is defined at 1.557kHz but there is a scaling
factor of 1.557 so the actual cutoff frequency is 1kHz.

The quality factor is

_ JRiR;C, G, V1.022k02 - 1.022kQ2 - 100nF - 100nF 05
~ C,(Ry+Ry)  100nF - (1.022k0 + 1.022k2)

N

-60
1.0Hz 3.0Hz 108z 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(V1it) ¢ 20%1ogl0(V(Ul:-)/V(VL:+))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—40dB/decade.

145 www.ice77.net



Second-order high-pass

In the following example, the circuit is implemented with the Sallen/Key
topology. This circuit is similar to the Linkwitz-Riley circuit discussed
previously (Q=0.5). This is a second-order filter because it has two capacitors.

2 3

+ <
e
<
e
<

5vde -5vdc

I
o

|
o

Synchronous filter (high-pass) (2"%-order)

Note: all resistor and capacitor values match.

1.0V

—~

1V.C‘Hz 3.0Hz 108z 308z 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
AC sweep from 1Hz to 1MHz

The cutoff frequency is

1 1
" 2mJRR,C.C, 2mV1.022k02 - 1.022kf2 - 100nF - 100nF

= 1.557kHz

fe

Note that the cutoff frequency is defined at 1.557kHz but there is a scaling
factor of 1.557 so the actual cutoff frequency is 1kHz.

The quality factor is

_ JRiR,CiC;  V1.022k0 - 1.022k0 - 100nF - 100nF 05
T R(C+Cy) 1.022k02 - (100nF + 100nF) -
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-100 e
o

1.0Hz 3.0Hz 10Hz 30Hz 1008z 3008z 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(C1:2) ¢ 20*1ogl0(V(Ul:-)/V(C1:2))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—40dB/decade.
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Third-order low-pass

In the following example, the circuit is implemented with the Sallen/Key
topology by cascading a simple low-pass filter after a second-order filter. This
circuit is similar to the Butterworth circuit discussed previously. The second-
order block the quality factor is 0.5 whereas the quality factor for the low-pass
filter is not defined. This is a third-order filter because it has three capacitors.

R1

810

1va
ovdc

@z

ol

Synchronous filter (low-pass) (3"-order)

Note: all resistor and capacitor values match.

1.0V

——

~

//

P

L

o ]

1.0Hz 3.0Hz 10Hz 308z 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(R1:1) ¢ V(R3:1) v V(C3:2)

AC sweep from 1Hz to 1MHz

The cutoff frequencies are

1 1

fer 2m/R,R,C,C, 2m\/81002 81002 -100nF - 100nF
1 1

fez = 1.965kHz

T 2nRiC;  2m- 81002 - 100nF
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Note that the cutoff frequency is defined at 1.965kHz but there is a scaling
factor of 1.965 so the actual cutoff frequency is 1kHz.

The quality factor of the second-order block is

_ JR{R,C,C; /81002 -81042 - 100nF - 100nF _

= = =0.5
C,(R,+R,) 100nF - (8102 + 81002)
20
0 \
V\

]

-40 \ o
\J_//
-80 \\P
1.0Hz 3.0Hz 10Hz 30Hz 1008z 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
o V(R1:1) # 20*1ogl0(V(R3:1)/V(R1:1)) v 20*1ogl0(V(C3:2)/V(R1:1))
Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases by
—40dB/decade.
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Fourth-order low-pass

In the following example, the circuit is implemented with the Sallen/Key
topology by cascading two identical second-order filters. This circuit is similar
to the Butterworth circuit discussed previously. However, the quality factors for
the first and the second block are 0.5 and the overall quality factor is 0.7071.
This is a fourth-order filter because it has four capacitors.

W
g5
O
o s
.
e

J%;W?
o‘\}fi\‘%f

Synchronous filter (low-pass) (4™-order)

Note: all resistor and capacitor values match.

L0V ——
N
5 \\\\
\
y [
1v.3Ez 3.0Hz 10Hz 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(VIs+) e V(Ul:-) v V(U2:-)
Frequency
AC sweep from 1Hz to 1IMHz
The cutoff frequencies are
1 1

fer=fe2 =

= 2.303kHz

21 JR.R,C.C, 2m\69102 - 69102 - 100nF - 100nF

Note that the cutoff frequency is defined at 2.303kHz but there is a scaling
factor of 2.303 so the actual cutoff frequency is 1kHz.

The quality factors are

_ JR{R,C,C;  \69102- 69102 - 100nF - 100nF

01=02= C,(R{+R,) ~  100nF - (69102 + 6910)
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e

v
-100

1.0Hz 3.0Hz 108z 30Hz 100Hz 300Hz 1.0KHz 3.0KHz 10KHz 30KHz 100KHz 300KHz 1.0MHz
0 V(V1:+) ¢ 20*1ogl0(V(U1:-)/V(RL1:1)) ¥ 20*1ogl0(V(C3:1)/V(R1:1))

Frequency

Magnitude plot from 1Hz to 1MHz

The magnitude drops to —3dB at 1kHz and then it decreases to —-51.99dB a
decade later.
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Linkwitz-Riley crossover

The Linkwitz-Riley crossover is an audio application that stems from the work
of Linkwitz and Riley.

The crossover can be implemented with different orders. For every order, the
gain of the filter will drop by —6dB/octave or —20dB/decade past the cutoff
frequency. Increasing the order of the filter will produce a sharper cutoff.

The crossover can be designed to split the audible spectrum in 2, 3 or 4 ways.
A 2-way audio crossover splits the audible spectrum in two parts, it has a
single cutoff frequency and it's implemented by cascoding two Butterworth
filters (low-pass and high-pass). For a 3-way crossover, there will be three
regions with a low cutoff frequency and a high cutoff frequency. This is
arguably the most popular crossover configuration in the market. The reason
why the audible spectrum is divided into 3 sections is explained by the need
for audio systems to handle each section more effectively through speakers
for proper sound reproduction. A 3-way system has 6 speakers (2 for each
channel).

A 3-way 4"-order Linkwitz-Riley crossover can be designed with the following
expression:

1

fo— -
27J2RC

First of all the designer needs to choose cutoff frequencies for the specific
regions of the spectrum. At that point, with a set frequency, a value for
capacitance (C) or resistance (R) is chosen and the other one is derived.

Assuming that the desired low cutoff frequency is 340Hz then C can be
chosen to be 100nF and R can be chosen to be 3.3kQ.

1 1

- - —341.029Hz
27J2RC  27+/2 -3.3kQ-100NnF

L

Assuming that the desired high cutoff frequency is 3.5kHz then C can be
chosen to be 6.8nF and R can be chosen to be 4.7kQ.

1 1
" 27J2RC 2742 -4.7kQ-6.8nF

= 3.521kHz

H
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!_ Elliott Sound Products i .-_.IQJ.?S]

File Help Preferred Yalues

Elliott Sound Products

=10

File Help Preferred Values

i ESP Linkwilz-Riley Crossover Calculator

ESP Linkwilz-Riley Crossover Calculator

K'over Frequency (Hz) [ [T 12 dB/Octave
Calculate

Preferred Resistance (kOhms) |3,3 * LowPass
Exit

I1UU (" High Pass

The Crossover Calculator will determine the frequency,
of the resistance and capacitance required for a given
crossover frequency. Itis intended for Linkwitz-Riley

Preferred Capacitance (nF)

Frequency = 341.03 Hz

R =3.3k Ohms
C=100.nF 12dB (2nd oroder) and 24dB/octave (4th order)
2C = 200. nF alignments, and will not work with other filters.
Enter the required crossover frequency, and either a
preferred resistance or capacitance, then select
Component Yalues low-pass or high-pass.

Circuit Diagram of 24dB/0Octave low pass filter

K'over Frequency (Hz) I [~ 12dB/Octave

Preferred Resistance (kOhms) |4.7 " Low Pass
|5.8 (¢ High Pass

The Crossover Calculator will determine the frequency,
or the resistance and capacitance required for a given
crossover frequency. It is intended for Linkwitz-Riley

Exit

Preferred Capacitance [nF)

Frequency = 3521.26 Hz

R = 4.7 k Ohms
2R = 9.4k Ohms 12dB (2nd oroder) and 24dB/octave (4th order)
C=E8nF alignments, and will not work with other filters.
Enter the required crossover frequency, and either a
preferred resistance or capacitance, then select
Component Yalues low-pass or high-pass.

Circuit diagram of 24dB/0ctave high pass filter

. 26
| L]

—
Output

<=

Input

S
Output

2R 2R

I This is the circuit diagram for your filier. See box for component valuss

For more info, select Help-bott, or click on this label

E.S.P. Linkwitz-Riley Crossover Calculator screenshots for low pass and high pass

The values for the two sections of the crossover need to be arranged just like
shown above. The values of capacitance or resistance double depending on
the configuration of the specific section of the filter.

13.6n

vce
o

100n
R1

6.6k

100k

<
og
(s}
@
4
[S]
o8
s}

15vdc -15vdc

6\\}—%‘\ .
I ‘<
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3-way Linkwitz-Riley crossover
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The circuit previously shown is a cascode of 3 sections. The top provides the
high frequencies, the bottom provides the low frequencies and the central part
provides the mid frequencies. High and low sections are made up by a
cascade of 2 2"-order Butterworth filters. The middle section is a high-pass
section followed by a low-pass section.

/ /.

(3.5445K,501.188m)

/
\
\ A

Low cut-off frfequency / \ / \
ov

10Hz 30Hz 100Hz 300HzZ 1.0KHz 3.0KHz 10KHz 30KHz 100KHzZ
0 V(R22:2) ¢ V(R13:2) v V(R24:2) & V(V3:+)

AC sweep from 20Hz to 20kHz
The frequency response for the 3-way Linkwitz-Riley crossover is shown
above. The low cutoff frequency is 340Hz. The high cutoff frequency is
3.5kHz.

A 3-way 4™-order crossover’s gain will drop by —24dB/octave or
—80dB/decade past the cutoff frequency.
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