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1 INTRODUCTION

Equalization on subwoofersis commonly very little covered subject. This document is written to
enlighten some aspects of this area of box design. During the development of mathematical models
for WinlSD, | had gained some knowledge about how to systematically add zeros/polesto systemiin
order to achieve desired response. This document contains some ” advanced” mathematics (well, not
very advanced, but to get maximum benefit from this you should be at |east familiar with complex
numbers. It is also useful to understand the concept behind so called transfer functions.). | have also
found out that local audio magazine, ”HIFI-lehti” seemsto be unwilling to disclose any detailed
information on subject (at least that way, that it could be used to do more research on the subject).
There are two things which annoy me very much:

1) Equations are given " pre-adjusted” in specific situation, so there is no possibility to further
fiddle with it, and,

2) Equations are scaled so that variables aren’t given as Sl-baseunits, as they should.
I’ll promise | won't do that.

Warning! If you think that it is difficult to do conversion between metric system and imperial units,
then please don’t bother to read this document :) | have as much as possible given much thought to
make this as” JAES-quality” text, so it might not be suitable for beginners.

Please feel free to send any corrections, additions, feedback, suggestions about this document.
Contact info:

Janne Ahonen
Aittolammentie 3as 7
70780 Kuopio
Finland

e-mail: janne@linearteam.org.
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2 BASIC THINGS

I’ll briefly explain basics for some concepts behind equalizer design.

2.1 Transfer functions

Transfer functions are based upon integral conversion called ’Laplace-transform’. Basically, it
transforms time domain function to *s-domain’, where timeis no longer avariable.

Fortunately, it is not usually necessary to perform actual Laplace transform to find the transfer
function for the circuit. Instead, it is usually done by applying the known voltage divider formulain
AC-domain.

Variablein ssdomain iss (surprise!), which is defined as s = jw +s . Where j =-/- 1or imaginary
unit. The variable w is the angular frequency which is related to normal frequency by

w = 2pf (2.1)

Transfer functions are commonly rational functions, where denominator and numerator are
polynomials of s. Roots of denominator polynomial are called as’poles and roots of numerator
polynomial are called as’ zeros', respectively. This paper deals exclusively with second order
transfer functions, because closed box speaker can be interpreted as acoustic second order highpass
filter, which has Q and natural angular frequency w,, .

Second order lowpass transfer function has following form:

K v 2 1

H(s)= n = 2.2
() S? + 2XW, S+W. 2 1 o, X 1 (22)
K

where w;, is natural frequency of the system in radians/sec, x is the damping factor and K isthe
gain. Qisrelated to x by relation

1
Q= > (2.6)

Then, we can write (2.2) as

2 2
H (S) = Kow, = Kow, = 1 (2.7)
2 1 S+ 1 S+ 1
"Kw? KQw, K

n

1 w
s% + 25Wns+wn2 S+ s+w

Equation (2.2) can be transformed into high-pass form by using LP->HP frequency transformation.
For that, we must assume that w,, equals one. The most commonly used frequency transformations

are:

Lowpassto lowpass (LP>LP):
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Lowpass to highpass (LP>HP):

—Wn
g=_"
S

Lowpass to bandpass (LP->BP):

<= s?+w,
Bs

Lowpassto band-reject (LP2>BR):

. Bs
s?+w,

Now, let’s apply LP->HP frequency transformation to (2.2)

K v 2
H(s)= n 2M51

> W
ST+ s+w
Q
and then
H(s) }; s=n
P+ =s+1 S
Which gives
K KQ x5?
H(s)=—— = 2
a0 1w, Qs” +w,s+Qw,
¢ "t + "+l
ésg Qs
Ks? 3 s
- - 2
Pangrpw? Lo, Wo Wy
K KQ K

Or, by using damping factor x,

KL ) )
H(s) = Za - Ks s
1 +wns+iwn2 S*+ W XS +W, 1o, 2w,
a4 pud K

S+

w

n

K

2

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)
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Denoting the lowpass transfer function denominator coefficients a,...a, we can express second

order transfer function as

1
H =
&)= erasa

Coefficients &...ay can then be interpreted as follows:

[
: 2 Kwn2
I, B o
:a1 a KWn
o1
=k

So for Q, we get
o= 1 &
2 & 2
2./a,3,

2.2 Types of second order transfer functions
There are basically three types of second order transfer functions:
Overdamped Q<0.5
Critically damped Q=0.5

Underdamped, Q>0.5

(2.16)

(2.17)

(2.18)

(2.19)

Above types differ only by types of roots of denominator. Overdamped systems have all roots on
real axis. If we solve poles for transfer function H(s), then second order transfer function for

overdamped system can be expressed as follows:
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_ 1 _ 1
"8 s p) L 220

1 cee
gs' P +1£S' P2 +1!2)

where p; and p, are the poles.

Because this document involves with closed box, which is a second-order system, following
relation is therefore useful:

For system, that has Q£ 0,5 poles p; and p, are as follows:

_ 1 ) 1
H(s) = (2, + ), +1) Soig,)+ s, +t,)+1 2.21)

Note that closed box has double zeros at origin, but response is set by poles (zeros ignored).

Wheret, =

andt, =
- P - P

isexpressed ast = RC. When dealing with real polesit is convenient to think these as two series

connected independent RC-circuits, where time constants are determined from poles.

. This notation is corresponding to RC-circuit, where time constant

Here, coefficientsfor (2.9) are:

\Ia2 :t1t2
ta, =t, +t, (2.22)
ta,=1

By using (2.5) and (2.7) we get expressions for Q. and fs; (gain K isnormally set to 1):

N

I — \/t Plt p2 - \/fplfpz

iQ.
i ottt fu+f,

} 1 (2.23)
: t t 1

|

T =1 PEr2 - = [f f
L 2p Zp\/t plt p2 PP

When designing single-pole compensators, it is useful to solve fp and fp, from Q. and f.. Using
(2.23) we obtain
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It is also useful to derive an magnitude function of single real pole of high-pass function:

H(s)= (2.24)

Multiplying this with complex conjugate of the transfer function, we get

H(H(s) =[H(s) = > x> = -8 - (w) 2""2 ,  (225)

(s-p) (-s-p) p*-8 p2-(jwp p*+w

So magnitude function of single poleistherefore

w w? w? W
H(s) = - - - 2.26
‘ (S] \/pz w2 . 792 \/14_ (Wt )2 1+( )2 ( )

Py

2

Critically damped system is special case of underdamped systems. It has both poles on same

location on real axis. Underdamped system has complex conjugate pole pair. Complex poles of real

system occur always as complex conjugate pair, because otherwise system would have to be

complex. Generalized second order high pass magnitude function is

R

a,s° +as+a, a,s - as+a,

(2.27)

2
bw

~ Jawt (a7 - 280w +a,

By substituting

b, =K
.I. a, = 1
}al =Wy (2.28)
: Q
fag=w,’
to (2.15) we get
2
H(s) = "+2<w - (2.29)
JW“ +8%%2 - 2w, WP 4w,
©€Qe 5

which can be even further smplified.
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2.3 The s-plane

S-plane

20 ,

1:: Q\\\

al

Imaginary axis
o

5 ‘ 0%

20 ] ] ] ]
-60 -50 -40 -30 -20 -10 0
Real axis

Figurel. Example of the s-plane.

Circles represent points, where pole has constant natural frequency. When pole travels along this
line, its so called damping factor is changed from 1 (pole at real axis) to O (pole at imaginary axis).

Formally, the damping factor is defined to be

x =cosly ) (2.14)

wherey isthe angle between real axis and the pole, and the natural frequency of the polein
radiang/sec is defined to be

w, =g (2.15)

Lines originating from the origin represent points, where pole has constant damping factor and its
natural frequency changes.

Interesting fact is that Q-factor tellswhat is the gain at the natural frequency of second-order
system.

Preceding statement isillustrated in following figures:

A second-order high-pass transfer function’s magnitude, whose natural frequency was set to 20 Hz
and Q. varied from 0.3 to 2.0 is plotted below:
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10

response/dB
(4]

-10

-15

-20

Amplitude responses at constant natural frequency with varying Q

10

Figure 2.

I I I T T 1T
——— Qtc=0.3
——— Qtc=05
——  Qtc=0.707
—  Qtc=1.0 [ |
\\ ——  Qtc=20
]
#,_%
// L1
/ //
1
50 100 200 500
frequency/Hz

Amplitude response of various transfer functions with different Q-values.

From Figure 2. it isreally evident that Q really isthe gain at natural frequency. Transfer function
with Q=1.0, the response crosses exactly 0 dB at 20 Hz. Let’s see pole-zero map for same transfer

functions;

Pole-Zero map for different Q's

Zf

150
A
100 Q &\ &
QR
50 » ” ﬁﬂ
\
g o4 /A ‘I; \\\\\\t\‘“
g Y N\ U ‘
E = 20
: "| %7
5
<l
)
TNV y!
J
-15-9100 -3I50 -300 -2I50 -200 -1I50 -l(I')O 5IO
Real Axis

Figure 3.

Pole-zero map for previous transfer functions

[

Double zero
at the origin

Qie=0.3
Q=0.5
th=0. 707
Q=10
QtC:2- 0
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When Q=0,3 the poles are located at real axis. With Q=0,5, the poles are merged to "one” pole
(both poles at same location). With Q=0,707, the poles are complex, and their angle between redl
axis and the polesis 45°. As Q. continues to increase, the poles move along constant w;, circle
towards the imaginary axis.

2.4 Determining transfer functions from passive networks

When determining component impedancesin ss-domain s is set to zero. So we actually get
following impedances in s-domain:

Tablel. Component impedancesin s-domain

Component Impedance in s-domain

Resistor R
Capacitor 1/sC
Inductor sL

By substituting impedances with previous expressions, it yields to desired transfer function.
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3 EQUALIZER TYPES

When choosing a particular equalizer, there are some points that are mainly interesting when
deciding what type to use. | would like to reveal some properties of typical equalizer circuits.
Drawback of every equalizer isthat it requires more powerful amplifier and of course, more
excursion capable driver.

3.1 Low-Q equalizer

Input TLO72/301/TI VA

R
Qutput L
Vi ) utpu
1 y
3 L
8 e
U14 e
W 0

0

Figure4.  Schematic of modified Linkwitz-equalizer.

3.1.1 Circuit analysis

Circuit is very similar to inverting op-amp circuit, so it can be analyzed by reducing impedances to
following basic form:

i

AN
1k

4 TLO72/301/T]
24,

% 1
+
3 8

0

Figure5. Generalization of inverting opamp circuit impedances.

In figure 5, the transfer function has the following form:
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(3.1)

By comparing figures 4 and 5 we can obtain following values for Z; and Z; (s = jw):

Z =R (3.2

Z, :ng +Sél§ R, (33)

16
a?QZ + 3R
BT A
R R S(R+R)C +1
During further analysis/synthesis, I’ll ignore the minusin front of transfer function, because it only

means that circuit inverts phase by 180°. That can be easily arranged in real life by adding an
inverting buffer in front of the equalizer.

By substituting egs (3.2) and (3.3) to (3.1) we obtain the transfer function of the equalizer:
Rk SRC (34)

G(s)=-

From the transfer function (3.4), it can be seen that circuit has one real zero and one real pole.

Natural frequency of zerois

= (35)
2PR,C,
Correspondingly, the natural frequency of the poleis
L (3.6)

f=— =
" (R +R)C

It can be seen from (3.6) that f,<f, for al circuit component values. Therefore, this circuit can’t be
used to increase natural frequencies of the pole, but it does not make sense anyway.

From (3.4) we can derive the gain that circuit approaches asymptotically, when frequency increases
towards infinity.

_ RR_  RR
G¥)=- =- 3.7
(¥) R R(R+R) 59

By denoting




Closed box equalization 14(40)

= RZC
.= (R +R,)C, (3.8)
_R

R

The magnitude of transfer function (3.4) is

i
iy
T
it
i
K
f

— — st +1 - sty +1_ (th)z+1
M= M) = G T S ek L 69

Generaly, this equalizer has very gentle slopes, therefore delay distortion on signal is minimized.
Following graph shows this property:

Transfer function magnitude

6
EH\\
5
\
N
4
o
)
[
S3
<
g
2
1
\\\-
0 I~
1 2 5 10 20 50 100 200 500
Frequency/Hz
Transfer function phase
O  +
,-—'-""—'-F_'—_F
\ L~
-5 o
A
g -10
£
o
-15
-20
1 2 5 10 20 50 100 200 500

Frequency/Hz

Figure6. Bode plot of equalizer transfer function.

Because slope of the phase is positive for frequencies greater than about 15 Hz, circuit has negative
group delay with those frequencies. Group velocity is therefore superlumindl, i.e. greater than c, the
speed of light in vacuum (this does not contradict theory of relativity):
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x 10° Group delay
7

Group delay/sec
w

|
\_.//

1 2 5 10 20 50 100 200 500
Frequency/Hz

Figure7.  Group delay of equalizer example.

3.1.2 Circuit synthesis

First, determine the poles of existing system. Q.. must be less or equal than 0,5. Determine, if only
one or both poles require compensation. As an rule of thumb, areal pole attenuates6 dB at it's
natural frequency. Y ou can calculate attenuation of single pole by using (2.13). Part references refer
tofigure 4.

To compensate pole use the following procedure:
1) Choose C;.

A good guess for this capacitor is 100 nF. If resistors become too large (R>>100Kk), then change
capacitor and try again.

2) Caculate R, to set natural frequency of the zero introduced by the equalizer.

This frequency should be the same than natural frequency of the pole to be compensated. By
solving (3.5) for R, we get

1
2psz:l

3) Caculate R3 to set natural frequency of the pole introduced by the equalizer.

R, = (3.10)

Thisis natural frequency of new pole. Note that it should be lower than frequency of the zero.
Again, solving (3.6) for R; gives

1 -
2pfpcl

R = R (3.11)
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4) Set the desired high frequency gain by setting R;.

This can be specified freely, athough common practiceisto set it to 1 (0 dB gain). Solving (3.7) for
R1 gives:.

__ RR 3.12
% GM)R +R) 842

For more practical design flow, see the example in chapter 4.1.
3.2 High-Q equalizer (’The Linkwitz transform™)

When total system has Qi>0,5 then system has complex poles, and we can’t use preceding circuit.
Fortunately, Linkwitz has designed another form of equalizer [2], which creates one pair of
complex zeros and poles. Basically, it compensates poles of the closed box with zeros, and then
creates new pair of poles, which are spec’ ed by the designer.

Schematic of this equalizer is presented below:

R2 C2
—~<{ 1 {|
Ifb2
R3 R3
R2 C2 li2 1fb1
{} Ve C3
¢ Ifb :li
R1 R1 lil li
® -
® °
Uin
Cl + JUout
o

Figure8. "The Linkwitz Transform", Biquad-type equalizer

3.2.1 Circuit analysis

To derive the transfer function for this type of equalizer, we can use preceding simplification to
generalized impedance in feedback loop. This circuit isabit more difficult, because it has voltage
dividersin feedback, so this divider has to be considered separately.

Circuit notation is same that Linkwitz used.

Current li; isabit tricky, because it includes filter.
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Let’s define atemporary variable, Uc(s), for voltage across capacitor C;. For this voltage we get a

following expression, by using the voltage divider equation:

Fat
U920 5 5 =Vl e o am
: 1S
S(:lRI:g+R1

Now, the current l;; issimply

=Yy g R Loyt
' R RCs+2R Rl R°Cis+2R

For input current I;,, we get following expressions:

1 :Uin (S) CZS

R2+sé C,R,s+1
2

Combining these currents gives us the total input current I;:

1 L Gs 0
s+2R  C,Rs+1lj

— CC, Rizsz + (ZCZRl + C2R2)3+1
_Uin(S)CCRZR 2+ [CR2 )
C,R/R,$ +(C.R> +2C,RR, 5+ 2R,

19=1,(9+1,0=0, 6

Because feedback network is similar, we obtain for Iz, using same techniques

e 1 . Gs 9
ERC,S+2R  CRS+1,

— C2C3R3232 + (2C2R3 + Csz)S+1
_Uout(S)CCRZR 2 ( 2 )
CRR,s +(C.R,” +2C,R.R, s+ 2R,

I fb(s): I fbl(s)+ I sz(s):Uout(S)

(3.8)

(3.9)

(3.10)

(3.12)

(3.12)

Now, because we can assume that inverting input of the opamp doesn’t take any current from that

node, we can combine (3.11) and (3.12) by using Kirchoff’s current law:

1,(s)+1,,(s)=0

Substituting (3.11) and (3.12) into (3.13) yieldsto

ClCZ Rizsz + (2C2R1 + CZRZ)S+1
Uin (S) 2 2 [ 2 )
C.C,R,R,s? +(C.R +2C,RR, 5+ 2R,

C,CiR/’S’ +(2C,R, +C,R Js +1 _
out(S)CCRzR 2 [ 2 ) =0
GRS R, +|C.R,” +2C,R,R, |5+ 2R,

(3.13)

(3.14)
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Solving transfer function from (3.14) gives

H (S) —_ & (Cs RSS+ 2) (C1C2 Rlzsz + (2C2R1 + Csz)S"'l) (3_15)

R (CRs+2)(C,C;RS" +(2C,R, + C,R,)s+1)
From (3.15) it is seen, that circuit has one real pole and zero, and one second order pole and zero,
which could be complex or real. When designing this type of equalizer, it isimportant that natural

frequencies of the real pole and zero are the same, because otherwise they introduce some warping
to frequency response.

Real zero istherefore

N 2
C,Rs+2=0U s, =- 3.16
Ry = ER (3.16)
and real poleis

N 2
CRs+2=0U s, =- 3.17
lRl Py ClRl ( )

For the second order factors, we can use (2.4) and (2.6) to determine fo, Qo, f, and Q.

Natural frequency of real zero by using (2.15) is

=Sl GR 1 (318)
» 2 pCR
and natural frequency of real poleis
2
S
f, = | "1‘ GR_ 1 (3.19)
» 2 pCR
for second order zero, the coefficients a...a are:
la, =1
I
8= 2C,R +C,R, (3.20)
I
78, =CC, R12

By using (2.4) and (2.6) we get fo and Qo from second order factor of numerator of (3.15):

W, _ \F \/c:c:Rl
b 2p

(3.21)

A/CCZ
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g =% _ PCCR® | R JCGC, _ C
° a 2GR+CR 2R+R, G, 2R1+R2 G

(3.22)

Similarly, f, and Q, is determined from second order factor in denominator of (3.15):

la, =1

|

ia =2C,R +C,R, (3.23)
,:\ a2 = CZCBRSZ

_J 3.24

» T : (3.24)

o :,/aoa2 J1>C,C, R3 R, 1/CC R, G (3.25)
- 2C,R, +C,R, 2R3+R2 C, 2R,+R,\C '

This equalizer does not make delay distortion worse. Bode plot of transfer function is shown below.

Fois70Hz, Qis0.9, f,is 18 Hz and Q, 0.707:

Transfer function magnitude
30

20

<

Magnitude/dB
=
o

-10

1 2 5 10 20 50 100 200 500
Frequency/Hz
Transfer function phase

-20

Phase/®

-60

-80

-100 bt
1 2 5 10 20 50 100 200 500
Frequency/Hz

Figure9. Transfer function bode plot for Linkwitz transform equalizer.

This equalizer also exhibits a negative group delay behaviour:
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x 10° Group delay
14
12
1
]
10 "]
8
[s}
b
3 6
: \
(5]
o°
S 4
o
Q
2
0 /
-2
-4
1 2 5 10 20 50 100 200 500

Frequency/Hz

Figure 10. Group delay behaviour of linkwitz transform equalizer.

3.2.2 Circuit synthesis

The design procedure to this equalizer is presented by Linkwitz [1]. I'll include it here for
completeness.

1) Specify fo,Qo, fp and Qp.

fo and Qo is determined from closed box design. They spec the exact compensation for existing
poles. These values are often given from any decent speaker simulation software, WinlSD for
example, there Q. is the value from Qg and f. is the value for fo, respectively.

Specify reasonable valued for Q, and f,.
2) Calculate constant 'K’

Itisrequired that k is positive, for arealizable equalization using this circuit topology.

fo Qo

(3.26)

3) Choose Co.
4) Calculate R;.

1

2pf,C, (2Q,(1+k)) (3.27)

R1=
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5) Caculate R..

R, =2kR

6) Calculate C;.

C, =C,(2Q,[1+k)y

7) Calculate Cs.

2

gef,
R
0

8) Caculate Rs.

2

R,=RE02

N

(3.28)

(3.29)

(3.30)

(3.31)

If the resistors become too large, i.e. >>100k, then change the capacitor value and try again.

3.3 "High-Q,” second order high-pass filter equalizer

Thistype of equalizer is often used for ported boxes, because it also works as subsonic filter. It has
some undesirable features which I'll explain in following chapter. For finnish readers, this type of
equalizer isused in HIFI 100/1 active subwoofer crossover [3].

Input

R2

Figure 11.

Output

L1
TLO7L
<t | n
HR4

Schematic of high-pass filter equalizer
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3.3.1 Circuit analysis

By using part referencesin figure 7, the transfer functionis ([2] p.9):

RR.C.C,s*

Hs)=K RR,C.C,s* +(RC, + RC, + RC,(1- K))s+1 (552
with
k=PR*R (3.33)
R,
Denominator coefficients are therefore
18,=1
i3 =RC, +RC, +RC,(1- K) (334
1, =RRCC,
By using (2.4) and (2.6) we get f,, and Q:
ﬁ 1
f=Wo_ 8 _ [RRCC, 1 (3.35)
p 2p 2p p-/RRCC,
Q - \ a0a2 = \llleRZClCZ _ \ R1R2C1C2 (336)

a  RC,+RC +RG,(l- K) RC,+RC, +RG,(l- K)

In HIFI 100/1 crossover equalizer [3], stage that performs actual response correction has variable
gain, and C,;=C, C,=C, R1=R, R,=R. With these substitutions, (3.35) and (3.36) can be simplified as
follows:

1
fn = 2n-/RRCC ~ 2pRC (3:37)
0= JRRCC _ RC RC _ 1 (3.38)

“RC+RC+RC(l- K) 3RC- KRC RC(3- K) 3-K

Let’s analyze its time domain properties via step and tone burst responses. Asit was designed and
published in 1988, it has following values for R and C:

R=9,1 kW, C=1nt.
With these values, natural frequency for that equalizer is set to

f = 1 = 1
"~ 20RC  2p %91k XF

=17,5Hz (3.39)
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The gainis arranged to be variable so that, R; isfixed to 3,9 kW. R4 is 560 + 10k potentiometer and
15 k fixed resistor in parallel. Therefore, R4 can be varied from 560 to

Ry = 260W+ 111 =560W+ 6kW= 6,56kW (3.40)

e T
10kW 15kW

Gain istherefore variable between

« = RotRu, _ 39KW+560W

min R = 30KW =11436 (3.41)
and
K= R + Ry _ 39KW+6,560kW _ 2 6821 (3.42)

R, 3,9kW

And Q isvariable from
Quin = 3. 1Kmm =3 111436 =0,5387 (3.43)
to
Qux = 1 L 31456 (3.44)

3-K_  3- 26821
It has also another second order highpass filter. In this stage, Rz isalso 3,9 kWand R4 is 4,7 kW. So
ganis

« = RtR, _ 39KW+47kW

5 gy = 22051 (3.45)

s0Qis

_ 1 1
3- K 3-22051

Q =1,2581 (3.46)

Frequency response for these two cases (Q in min and max) is presented in figure 12. Please note
that this graph includes only the equalizer and high passfilter stage responses, so actual responseis
abit different.
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Frequency response of HIFI 100/1 crossover equalizer
20

I I [ T T 1
e R4=Max
e R4=Min
15
10 //\ \
5
\
g / e
s 0
@
) / /
-10 /
-15
-20
10 20 50 100 200 500
Frequency/Hz

Figure12. Frequency response of HIFI 100/1 crossover equalizer.

Because original design ported box was tuned to 25 Hz, this design overloads driver easily, because
it'smaximum gainissome 17 Hz.

Unit step response of HIFI 100/1 crossover equalizer
1 T T T T

— R4=Max
— R4=Min

0.6 -

0.4 4

0.2H 4

-0.2H 4

0.4k .

-0.8|- —

1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Time/sec

Figure 13. Unit step response of HIFI 100/1 crossover equalizer.
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From figure 13, it is evident why thistype of equalizer is not particulary good in terms of transient
response. Group delay graph supportsthis:

0.09

0.08

group delay/sec
o o o o o o
o o o o o o
N w S o (o2} ~

o
o
=

o

Group delay of HIFI 100/1 crossover equalizer

_ R 4:Max
{\ _ R,=Min || |
R \
1
.///
\E\
1 2 5 10 20 50 100 200 500
Frequency/Hz

Figure 14. Group delay of HIFI 100/1 crossover equalizer.

For burst testing, | used five-cycle cosine shaped tone burst signal. Frequency of underlying sine

signal is 20 Hz.

Tone burst response of the High-pass filter equalizer

input

output

A
Vi

0.9 1 11 1.2

time/s

1.3 1.4

15

Figure15. Tone burst response of high-passfilter equalizer.

Itis clear that thistype of equalizer has quite high amount of ringing.
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3.3.2 Circuit synthesis

When designing such an equalizer, one should first decide how circuit should be configured.
Basically there are two commonly used options ([2] mentions 2 more):

1) Set filter components as equal, asin previous example of HIFI 100/1.

With this option, gain of the opamp is normally set to 1, so in high frequencies circuit presents no
change to signal. Now, choose C and f,, and calculate R from

1

= 342
201 C (342)
Choose equalizer Q and calculate required gain with
1
Q
Then choose either resistor (R; or R4) and calculate another from
_ R e
Rz 70 R, =R,(K- 1) (3.44)

2) Set Resistors asratios and capacitors equal.

3.4 Integrator equalizer (ELF)

A closed box loudspeaker iswell below its resonance, adual differentiator. The differentiator’s
transfer function is:

H(s)=s (3.45)

This single s produces zero at the origin of the s-plane. So there are double zero at origin of any
closed box speaker. This determines the rising slope of any loudspeaker response.

The idea behind ELF is that, when two zeros at the origin are eliminated by adding double
integrator to the system, then the design is converted to equivalent low-pass filter. Schematics for
ELF double integrator is shown in figure 16.

cil| Ci||
I Il
R2 R2
1  I—
Input RL_ 6 \_‘\ R
T 7 A 6 ~
5 / — 7 Output

GND
GND
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Figure 16. ELF double integrator schematics.

Transfer function for single integrator is

(3.46)

Integrator therefore introduces a pole in origin, which cancels zero. Circuit in figure approximates
square of (3.45). With what differences, we'll soon find out. Interesting property of (3.46) is that
circuit introduces no delay distortion on signal passing by. Thisis because phase shift is constant

(group delay is defined as gd(w) = - ;i_f , remember?).
W

3.4.1 Circuit analysis

To derive the transfer function for ELF, we can (again) use impedance generalization described in
figure 5. Impedances for (3.1) therefore are (per opamp section):

| _ 1
47,
: R, sC, (3.47)
tZ =R
So transfer function is (per section):
1 1
Z i+scl 1+SR201
H(s)=- ro R R R, 1 (3.48)
Z; R R R RCs+1

By substituting R,C; ast, then we get

Hig)=-Fex b = Ryt - Ry 1 (3.49)

R ts+l R ¢,1 R s+w,
t

where w,, is defined as

1
W =

" RC

Now, it can be seen that when natural frequency w; is closeto zero, (3.48) is a good approximation
to (3.46).

(3.50)




Closed box equalization 28(40)

3.4.2 Circuit synthesis

3.5 Low-pass filtering equalizer

Low pass filter resembles somewhat to ELF equalizer. Ideais to put corner frequency low enough,
so it practically isamost like an integrator.

3.5.1 Circuit analysis

3.5.2 Circuit synthesis
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4 SOME EXAMPLES

4.1 Equalization of the low-Q (Q,.£0.5) design

| have chosen Peerless XL S-10 (830457) driver for this example, mainly because | think it serves
also as building instructions for such an equalizer. | have not seen very many closed box designs
with thisdriver, that is probably because it gives need to equalize it and because it is not very
commonly practised art, designswon't ssimply exist. Albeit from this difficulty, closed box gives
you smallest time domain distortion on waveform (best transient response, to put it more simply). |
have included Thiele-Small parameters for the XL S-10 driver for convenience in table 2.

Table2. Parametersfor Peerless XLS-10 driver
Qes 0,18
Qms 2,63
Qts 0,17
Vas 89,71
Fs 18,9 Hz
Bl 175Tm
Sy 352 cm’
Re 34W
Le 4.3 mH
Xmax 12.5 mm
Pe 350 W

For the box volume, | chose 35 litres, because it is not so small, that is difficult to construct and it is
also quite small for even small rooms.
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Frequency response
T T T L

Magnitude/dB

30 i ‘ I R R R ! ' L1
10 20 50 100 200 500
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Figure17. Freefield frequency response without any equalization.

The system has atransfer function (see my another paper about how to derive this):

1.751X0™s?
H(s)= i . (4.1)
1.75140™s? +1.234 0% +8.796 X0

so transfer function coefficients for (2.2) are:

la,=1.75140""

]

ia =1.234X0° (4.2)
: _

18, =8.796%07

Solving denominator polynomial roots by using standard quadratic equation solving formula gives
us the system poles:

-a,+[a’ - 42,8, _ - 1.23440° +/(1.234X10°f - 4475140 5879640 7
2a, 24.75140°°

- a-a’- 43,8, -1234X0°- [(L234:00°°) - 4x0.75140° 8.796X0°7
2a, 2%.75140°

p1

=-80.47

1P =

T

=-624.2
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(4.3)

Pole-zero map is shown in Figure 18.

Pole-zero map

g T | I T T ToL T
2501 R T U

150

100

Imag Axis
o
T
X
X

-100

-150

—200

-250

: ! 1 ! I | . :
-700 -600 -500 -400 -300 -200 -100 0
Real Axis

Figure 18. Pole-zero map of the unequalized design.
Solving Q. and . using (2.4) and (2.6) gives

f_= ! =3567Hz (4.4)

= 1 1
%
» \/80.47 624.2

1 1
Q= 18047 6242 _ g (45)

1,1
80.47 624.2

Natural frequencies for these poles are modulus of each pole:
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w, =|p/=|- 804728047 =12 801z
S (4.6)
w,, =|p,| =|- 624.2 =624.2"% =99.35Hz

<

<

Note that frequencies mentioned below are slightly different because higher accuracy coefficients
(pole natural frequencies calculated directly with Matlab).

Because only p, has unconfortably high natural frequency, let’s add compensation for that. We'll
chose frequency near p;’s natural frequency.

To find required frequency, let’s equalize this design so that it's -3 dB frequency is 20 Hz. To find
attenuation of lower frequency pole at 20 Hz, let’s calculate its magnitude at 20 Hz by using (2.13):

Hy(s) =

S

_ (2p 20)° _
s- (- 80.47) = =0,8421 (4.7)

cimz (- 80.47)% +(2p 20)?

So, because —3 dB attenuation is about 0,707, we can alow additional attenuation of 0,84066 for
second pole.

Solving (2.13) for p, we get

Cowi-H() 2201 (0,84066)° _
p=- = =-80,95 (4.8)
H,(s) 0,84066

Natural frequency for required new poleis

_-p_-(8095)

=12,88Hz (4.9)
2p

f oo

To cancel apole, we must locate a zero to just atop of a zero. Pole p, has highest natural frequency,
so it isdesirable to compensate that.

Let’stake alook into group delay and unit step graphs before going to detailed design of the
equalizer.
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Group delay
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Figure 19. Group delay isvery small, even for low frequencies.

Step response
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Figure 20. Step response.
Step response shows no overshoot. Thisis because Q<0,5.

Let’s chose 100 nF capacitor for C; by using ” stetson-method” (only advanced designers should use
it because it is so powerful technique), and by setting the circuit’s zero natural frequency to same
value as box pole p, we can calculate value for R,:
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1 1

= = =16014,79W (4.10)
2pf ,C,  2p »99,38HzXL00NF

R,

now we can obtain value for Rz with R, and frequency for desired final pole frequency (f,a):

L g- 1 - 16014,79 W=107514,35W (4.11)

R.=
° 2pf,C, 2p X2,88Hz X100 nF

R1 is chosen so, that gain approaches unity in high frequency range (other gains are possible, just
change it):

R = R,R, _ 16014,79W>107514,35W  _ 13938.57W (4.12)
G¥)R, +R,) 1X16014,79W+107514,35W) —
The final schematic for equalizer isfollowing:
R3
107514.35
R2 ¢
) 16014.79 [

0.1u

<t|— [Te)
N1
Input RL__ 2 [N TLOTL
1393857 6 Output

3 {4
L
~

GND

Figure21. Schematicsfor equalizer.

R1 isabit small for using this circuit directly between subwoofer power amplifier and filter, soitis
advisable to precede this stage with inverting buffer stage, which has gain of —1. It also corrects
inverting behaviour of this circuit. It is also necessary to choose R;-R; from standard resistor series,
such as E96.

Equalizer transfer function magnitude in dB is shown below:
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Log magnitude response of equalizer
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Figure 22. Equalizer transfer function magnitude in dB.

Equalized system transfer function magnitude compared to unequalized system is shown below:

Transfer function magnitude

0 — —
1
LA
-5
-10
fus]
ES
£
©
]
-15
-20
-25
10 20 50 100 200 500
Frequency/Hz

Figure 23. Equalized system versus unequalized. Unequalized system shown dashed.
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Figure 24. Group delay in unequalized and equalized cases.

From the group delay graph in figure 24 it is shown that group delay increases a bit, but it is still
very small. Funnily, group delay even becomes smaller in high frequencies.

Pole-zero diagram below shows how equalizer zero compensates leftmost pole of unequalized

System:

250
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Imag Axis

-50

-100

Old pole and equalizer’s zero

Pole-zero map

S

2

-600 -500 -400 -300
Real Axis

200 K 0

Figure 25. Pole-zero map for equalized system.

New pole introduced by equalizer
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Equalizer produces new pole at frequency of 12.88 Hz and it is shown at right side. Q. and f. for
equalized system is therefore:

f = ! =12,85Hz (4.13)

¢ 1 1
[ ¢ S
2IO'\/ 80,47 80,95
[ 1 1
80,47 80,95
= ’ “~ =05

Qe="7 1 : (4.14)
+

80,47 80,95

The equalized system is therefore a critically damped one. Step response lenghtens a bit, but not
excessively.

Askelvaste

0.8}

0.6}
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0.2}

05 052 054 056 058 06 062 064 066 068 0.7
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Figure 26. The step response of equalized system.

Perhaps a more practical transient signal is sine burst signal which is shown below, and response of
equalized system toit.



Closed box equalization 38(40)
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Figure 27. Tone burst response of equalized system.
Tone burst response is a'so good. No ringing is evident.
4.2 Equalization of the "high-Q” design (Q,.>0.5)
For this example, | chose Infinity Beta 15X driver with 60 litres closed box. | have seen two such
articles. In this case, Q¢ islarger than 0,5 so we must use Linkwitz-transform circuit for

equalization.

Infinity Beta 15X has following parameters:
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