APPENDIX

Frequency-response shapes
for loudspeakers [1]

In the following high-pass filter functions G(s), the order of the function is denoted by N and the
frequency at which the magnitude of the response is 1/1/2 (that is, 3 dB below the pass-band level) is

denoted by w3gg.
s N
G(s) =
0= ()

Synchronous.
wo = wigg V2N —1

Bessel. The Bessel polynomials are generated from the following power series in s:

n
B(s) = Zaksk
k=0

where

where s = jw and

(2n — k)!
ay = —F—F————
2n=k kl(n — k)!
Also, we define a frequency scaling factor v such that
. 2n!
1Bn(jy)| = a()\/E = =172,

Bessel polynomials

1*-order: Bi(s) =s+ 1

2" order: By(s) = s +3s + 3

3" order: B3(s) =s° + 65° + 155+ 15

4™ order: Bu(s) = s* + 10s” + 455 + 105s + 105

5™ order: Bs(s) = s + 15s* + 1055° + 420s% + 9455 + 945

6M-order: Bg(s) = s° + 215> + 210s* + 1260s° + 47255> 103955 + 10395

If the real parts of the roots or poles are «j, as,...ay and the imaginary parts of the roots or poles are
B1, B2,...0n, then
671
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Y
Wy = >
o + B,
aﬁ + 6%
n — 20(n
Odd order
N
G(s) = >
w1 2\ (2, @ 2 2, WN-1)/2 2
SZ—O——S—I—w)(s —|——s+w>'-- ST+ ——"—5 4+ wiy_ s+ w
( 0, 1 0, 2 O (N—1)/2 ( (N+1)/2)
Even order
N
G(s) = a
WN/2 2
s2+ﬂs+w2>(s2+ﬂs+w2)~-~ 52+ s+w
( 01 ! 0 z On/2 N/2
Butterworth.
Odd order
N
G(s) = :
(20 4 ) (2 420k g ) (4 52 4 ) 5+ )
01 (0)) Ow-1,2

The poles lie on a circle of radius w3qp, each at an angle of 0, to the real axis, where
1

On = 2 cos 0,
and
b, = =@, n=1,2--(N-1)2
N
Even order
N
G(s) = a
15) 15) w
<s2 428 w§d3> <s2 TR L P w§d3> R R
0O O N/2

where

2n —1

0, = + N m,

n=12--N/2
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Chebyshev. Chebyshev polynomials

1*-order: C1(Q) =Q

2" order: Co(Q) =2Q% — 1

3" order: C3(Q) =4Q° —3Q

4% order: C4(Q) =8Q* — 807 +1

5™ order: C5(Q) = 16Q° — 20Q° + 5Q

6™-order: Ce(Q) =32Q° — 48Q% + 1807 — 1
where

Q=—
wp

and wp is the pass-band limit which is defined as the frequency at which the final O dB crossing occurs
before roll-off. Let R be the maximum permitted magnitude of the pass band ripples in dB. Thus we
define a ripple factor by

e = VI0OMTR

Also, we define a frequency scaling factor vy by

1 1
y = @3dB _ . och (—arccosh (—))
wp N €

and then find the roots of the polynomial

1+ €G3,
so that the imaginary parts of the roots «, ay,...ay give the real parts of the poles and the real parts of
the roots 81, B2,...0y give the imaginary parts of the poles. Then

Y
W, =
a2 4 62
B o2 + 53
On 2a,
Odd order
N
G(s) = ;
w] 2 2 W2 2 2, YN-1)/2 2
s2+—s+w)(s +—s—|—w>~-~ s+ 5+ Wiy s+ w
( | 1 Q2 2 Q(Nfl)/Z (N-1)/2 ( (N‘H)/Z)
Even order
N

s

Gls) =
w
sz—&—ﬂs—i—wz)(sz—l—%s—i—wz)“- 22y 2
( ) ! (0] 2 Ony2 N2
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