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TUE VENTED LOUDSPRAKER CABINET: A RESTATEMENT

D. B. Keele Jr.
Brigham Young University
llectronic Media Department
Provo, Utah 84601

Additional information on the use and application of A. N.
Thiele's alignments [ 1./ for the vented loudspeaker cabinet

is presenkted. A rewritten alignment table which has all the
frequency terms normalized to the speaker resonance frequency
is included. Computer run frequency responses for all the
alignments are displayed along with a new fourth order
Chebyshev alignment beyond No. 9. Sensitivity functions for
the cablinet output with respect to various system parameters
(fp, fgs Q¢, Vb) are derived and plotted. Methods of auxiliary
filter synthesis are discussed including an equalization method
to compensate for incorrect speaker Q. using a single second-
order peak-dip filter. A simple cabinet tuning procedurc using
computer printed tables is also presented. A possible new set
of small box low frequency alignments requlring comparatively
high amounts of auxiliary filter boost at the box resonance
frequency are suggested.

1. REWRITTEN ALIGNMENT TABLIL

To facilitate identification of this papers comnuter run alignment
frequency responses and to simplify design procedures, A, N. Thiele's
alignment table [/ 1J p. 388 is reproduced here in somewhat different
form (table I). All the frequency terms have been normalized to the
speakers free-air resonance frequency instead of the alignments (-3 db)
cutoff frequency. The Thiele column giving the ratio Cug/Cap has been
changed to the reciprocal value Cup/Chg = V/Vyg to make the value
proportional to rthe box volume. The constant listed for the auxiliar
filter (1) is the reciprocal of the required filter Q (X = 1/Q =V 2 +y).
Alsa included iIn the new table is a listing for the frequencies f] and
f, the impedance peak frequenciles for the driving point impedance of the
speaker mounted in the vented cabinet.

The author has found this rewritten alignment table to be much more
useful for design purposes because of the loudspeaker free-alr resonance
frequency normalization. Usually a designer starts with a particular
speaker that has a specifilc free air resonance frequency and then deter—
mines the hox parameters to place it in a particular alignment. The
tabulated values of f1 and fy help the designer to check the completed
system tuning.



2., ALIGNMENT RLESPONSES

‘fo ease the computer programming of the Thiele vented cabinct
responses, Thiele's equation (19) /[ 1./ p. 386 (the operational form
of the transfer relationship between the speakers input voltage and
the sound pressure output of the speaker mounted in it's cabinet)
was rewritten to conform to the standard text book form for transfer
functions. After appropriate substitutions and manipulations this
equation appears as:

" (1)
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where s =o + jw complex variable
Wg = 2T f, fundamental rescnauce frequency of loudspeakers in rad/sec
Wy = 2mfy cabinet resonance frequency in rad/sec

Cag _ Vag ratio of the loudspeaker suspension compliance to the

Cab  Vap box compliance (or alternately, the ratic of loudspeaker
compliance eguivalent volume to the box voiume)

Qe effective Q@ of the speaker connected to the amplifier.l

To derive the response function which is normalized to the
speakers resonance frequency a substitution of Wyg = wb/ws and Wy = 1
s made in (1) yielding.
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waere Wyl £y normalized frequency variable which is the ratio

s s Ts between the box and speaker resonance frequencies.

In like manner, the normalized transfer functions for the auxiliary
filters are derived.

First drder Alignments 10 to 14

H| (5) = m (3)



aux 0 3auxX - _auX
wr’iS = .S - 1‘; f3 Wq
W =2 £ corner frequency of filter in rad/sec

aux

Wy =271 fq  corner frequency of overall response (speaker plus filter)
in rad/sec.

_______ 82

where ()
Wag = faux corner frequency of filter in rad/sec
s
X = l/Qaux = \/y + 2 = a constant which is the reciprocal of the filter
required Q.
Y,ux auxiliary filter constant defined by Thiele and appearing in
First Order s + A alignment table
H3(5) T 5 ¢+ .%_ (5

Computations show that this filter is 3 db down at W = a/JE’

The overall responses of the fifth and sixth order filters are just
the appropriate products of (2), (3), (4) and (5) as shown below:

B5ip(S) = E(S)H(8)
or = L(S)H3(8) ©
Sixth Order
E6Lh (8) = E(S)H,(S) 7

The complete set of computer run frequency responses are shown in
figures 1 to 16. The alignments which require the use of an auxiliary
filter have been shown with separate responses for the speaker, the
filter, and the speaker-filter combination. FExamination of the speaker
only responses for alignmenis 12, 13, 14, and 27 (Fig. 8 and 11) clearly
show why these responses were considered suspect by Thiele / 1 7 p. 389.

3. NEW RIPPLE VALULS

As a result of the computer runs, it was noted that the ripple
nmagnitude quoted by Thiele in his alignment table (for the Chebyshev
alignments No. 7, 8, 9) was in excess of the ripple values as determined
from the computer responses. For example, Thiele indicates a ripple
value of 1.8 db for alignment No. 9, but the computer run response
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(see Tig. 3) shows a ripple value of about .55 db. For this paper, the
author is defining the ripple as the difference between the maxima and
minima in the passband in db [ 2 /7 pp. 374-375. The rewritten alignment
table I in this paper reflects the new ripple values.

4, NEW FOURTH ORDER ALIGNMENT

Because of the comparatively small value of ripple for alignment
No. 9, the author was moved to investigate fourth order alignments with
a higher value of ripple (and hence a lower cutoff frequency). Alignment
9.5 is a result of this study (see Fig. 2 and 3).% This alignment has
a low frequency cutoff nearly a full octave below the speakers resonance
frequency (0.52 fg), a ripple of about 1.5 db, a required Q¢ of 0.625, and
requires a volume of 2.6 times the speakers compliance equivalent volume.

5. PERTURBATION OF SYSTEM PARAMETERS

To illustrate the qualitative effects of variations of the system
constants on the frequency response, several responses were run with
non—-optimum values for the system parameters. The fourth order alignments
numbered 1, 5, and 9 were chosen for this perturbation study. The
parameters of the speaker system that were varied included: wp the box
resonance frequency, wg the speaker resonance frequency, Q¢ the system
Q, and Vg, /V,yg = Cab/Cas the ratio between the box volume and the speakers
compliance equivalent volume. TFor a particular variation, all the system
parameters were held constant (at their correct alignment values) except
one, which was varied in one-sixth octave (ratio of 1.121 to 1., about
11.2%) steps above and below the optimum value. The perturbation
responses for variation of f, and Qi are very similar to the variational
responses illustrated by J. F. Novak in his excellent work / 3 7 pp. 9-10.

The variational responses are shown in figures 17 to 28. The
writers observations concerning the parameter perturbations will be
withheld until after the next section which displays the alignments
parameter sensitivity functions.

6. SENSITIVITY FUNCTIONS

To sliow the quantitative effects of system parameter changes on the
frequency response, the sensitivity functions for the magnitude of equation
(1) were derived., Sensitivity is a measure of how some characteristic of
a system changes when certain system parameters are perturbed. The
sensitivity of a system function M(w) with respect to a parameter X is
defined by [ 4 J p. 462.
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Notice that SXM 1s a normalized variable which indicates the
relatlionships between percentage shifts in M(W) and X. The concept
of sensitivity is theoretically valid only for infinitismal shifts
but is accurate enough for engineering purposes for ghifts up to about
15% in the independent parameter. For illustration purposes, a
sensitivity value of +1 would indicate a 5% increase in S would reflect
in an approximate 5% increase in M(5%Z 1is about 0.4 db).

To compute the required partial derivatives, equation (1) is first
written as a magnitude functlon of W.

(9
w't
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After much manipulation and pencil work the sensitivity functions
appear as follows:
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Variation of Wy
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(13)

The computer was used Lo evaluate Lhese functions by using equation
(1) and working directly fron the definition of the sensitivity function
and assuming a 0.1% change in the iIndependent parameter. The computer
output for the sensitivity functions of aligmments 1, 5, and 9, 1s shown
in figures 29 to 34.

7. OBSERVATIONS AND CONCLUSIONS ON VARIATION OF SYSTEM PARAMITERS

Changes in QT

Lxamination of the graphical data (fig. 31) and equation (10) shows
that the magnitude respomse 1s effected by varlations of Q. mostly at
frequencles about an octave above and below the box resonance frequency.
The maximum sensitivities occur at the frequencies f; and f, (the
frequencies at which the input impedance is maximum for the speaker
mounted in the vented box as defined by Thiele). The sensitivity functions
indicated that all the alignments ave equally sensative (peaks of +1.0
in sensitivity) for all the aligmments. Also shown is the independance
of the response with respect to Q¢ at the box resonance frequency.

Increases in box volume reflect an increased output at frequencies
at or near the box resonance frequency (see Fig. 32). The single
maximum of about +1.0 1n semsitivity occurs at the box resonance
frequency. Above fj, and below f] increases in box volume actually
cause a slight decrease in system output. The response at the
frequencies f; and f is volume independent for small shifts in volume.
All the alignments are about equally sensitlve to shifts in the volume
ratio. The sensitivity of Vg, /Vsg decays to zero for large and small
frequencies (same behavior as sensitivity of Q).

Changes 1n fy,

An increase in the box resonance frequency causes an idncrease in the
output immediately above the optimum required box resonance frequency and
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a decrease in the output below this frequency (Fig. 29 and 30). For
extremely high frequencies the sensitivity decays to zero. For very

low frequencies the sensitivity approaches -2 (this behavior at low
frequencies is expected because the denominator of (1) approaches
Wg2W,2). The higher numbered aligmments exhibit an extreme sensitivity
to shifts of W, at frequencies near the optimum box frequency. Alignment
number 9 exhibits a sensitivity peak of nearly -5 just below the optimum
box frequency.,

Chianges i

Examination of Fig. 33 and 34 shows how the response shifts if
fy, the speakers free air resonance frequency, is changed. The graphs
indicate a decrease in the response for positive shifts in Wg. A
negative peak of ~2.2 in sensitivity is found approximately at the
alignments box resonance frequency. A negative dip of -1.0 is observed
at a frequency of about two-thirds of an octave below the speakers
resonance frequency. The sensitive approaches -2 for low frequencies
and 0 for high frequencies. Equal sensitivities for all the alignments
are exhibited by variation of Wg.

Conclusions on Cabinet Tuning Considering Sensitivity Functions

The graphs displaying sensitivity show that the speakers response
is relatively insensitive to variations in Q¢ and volume (absolute
sensitivities of about 1 or less), moderately sensitive to variations in
Wg the speakers resonance frequency (absolute sensitivities of about 2
or less), and quite sensitive to variations of W, the box resonance
frequency for the higher numbered alignments (absolute sensitivities
of less than about 5). This data indicates that for a specific alignments
cabinet design, the box should be tuned quite accurately to the computed
design frequency (considering the speaker free air resonance frequency).
It has been the author's experience that out of a typical batch of two
to four speakers of the same make and model, a variation of 107 to 20%
in free air resonance frequencies is not unusual. This means that large
variations in response are to be expected if a higher number alignment
cabinet is designed for a specific speaker and another of the same make
and model is substituted without appropriate changes in the cabinets
resonance frequency.

8. AUXILIARY FILTER SYNTHESIS

Several methods of synthesizing the high pass auxiliary filter, both
active and passive, are available to the designer. 1In this paper only
three of the most straightforward methods will be illustrated.



First Order, Passive RC (Alignments No. 10 to 14)

C

(14)
E% (S) _ E; 5;
Eim Si‘#E S+W,
where
Wo = 2E, = 1/RC = (faux/fs)wS corner frequency (-3 db) in rad/sec.

Note: The filter as shown must be driven from a source impedance
of less than 0.1R for correct operation. The resistance R may be
the input impedance of the following stage.

Design Procedure

Given: f f (from alignment table)

Choose: R

\ . f
Calculate: W, =2 n-fs(faUX)

C = 1/ R)

The main advantage of the first order passive high pass filter is
it's extreme simplicity. If the resistance R, for example, is the input
impedance of a power amplifier (assumed resistive over 0.1f,< f L10fg),
the amplifier input coupling capacitor would be changed to the value
computed above to generate the correct auxiliary filter response.



Second Order, Passlve RLC (Alignments No. 15 to 27)

c
Ewo—F1—T1F

L 2R

>
s |
Ent SRgStic §% 4 X W S+ )
where

o = 2W iy = VE%'=(£§MX)W§ filter corner frequency in rad/sec

1 =1 ,r
Xaux = § TR YT reciprocal of filter Q

Note: This form of second order filter has been optimized for voltage
transfer instead of power transfer. The voltage transfer ratio in the
pass band 1Is unity. The same assumptions on source and load impedance
that apply to the first order fllter also apply to this filter.

Design Procedure

Glven: fg, faux, Xaux
fg
Choose: R
Calculate: W, =27 fs(faux)
fg
€ =gty
aux”oht
L= 1
‘"wozc

The disadvantage of this filter is the large values of L and C
required for the low frequency allgnments. TFor example, if a filter is
designed for a speaker with fg = 40 Hz for alignment No. 24 (R = l0K~n),
the inductance value is 44.7 H and the capacitor value is 0.764 pT.

This disadvantage leads one to consider the next synthesis method.
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Second Order, Active RC

The active RC filter considered here is one which uses a unity
gain (no phase inversion) voltage-controlled voltage source VCVS
(high input impedance, low outpul impedance) in a multiply feedback
arrangement [ 4.7 p. 296. The VCVS 1s casily lwplemented using an
operational amplifier or a high beta transistor in an emitter follower

configuration.

A

v 16)
KS®
8% & [_l_ pot -k n
REC' RoC»p t R, ¢, S + R:C, RzCz

If we let K = +1, and C; = €y = C, we find that

%(S) =

sa

Sy £ '
e 2 Tree

Eo (¢) =
£ (5)

J — &zuy
U\)o'—‘—‘ETTg., = V.R_,—ﬁ'; c - _gs—" ()\)5 filter corner frequency in rad/sec

- 2 P
QWW RE reciprocal of filter Q.
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Design Procedure
Given; gs)ﬁi%) XW

$
Choose: C
Calculate:
t wo':arr{s(g.‘““_._
ds

Design Example

Design an alignment No. 16 auxiliary filter for a speaker with a free
air resonance frequency of 52.5 Hz.

Given: gs" 52 5 H3

= 0.858 }
=(0.420
Choose

c-o.:,,,_-

Calculate
w,=6.28)62.5) (0.858) = 283 wdr
AC.,
042

K= EW, = T.4Y2 K

R,= (ryz x10° )
(0.42)°

~11~

=168 Kn



The voltage controlled voltage source can be implemented with an
operational amplifier such as the 741 in the following circuit;

VCVvSs OR AMP.
E E ion —o E,

If

or using a super-beta transistor such as the 2N3391 in the following
emitter follower configuration:
+v

VCVS o

L
————p Eo

—_—
—
v

Choosing the latter route, a practical representative design would
appear as:




The completed filter should always be checked to insure that it
is generating the correct amount of boost at the peak frequency listed
in the alignment table. In the example cited, the filter should boost
+7.7 db at a frequency of fpk = fs(fﬂk? = 52.5(.901) = 47.2 Hz.

fg

9. COMPENSATION OF ALIGNMENT INCORRECT Qp

Thiele points out in his paper [ 1 7 p. 475 that if a particular
alignment is to be within *1 db of the desired magnitude frequency response,
the alignments Qi must be within about *10% of the designed value (the
sensitivity functions for Qp derived in this paper also confirm this).

To achieve this somewhat close tolerance in Q. means that either a
person sticks to the particular alignments which match the measured Qg
of his speaker or use one of two [orms of compensation which correct
for the response deficiencies introduced by the incorrect Q¢,

The first method, variation of the power amplifiers dynamic output
impedance, was covered very thoroughly in Thiele's paper [/ 1 7 pp. 475-476.
This method which adds to or subtracts from (via a negative output
impedance) the voice coils resistance compensates very accurately for
the response errors by returning the system Q¢ back to the designed value.
The two main disadvantages of this method are: (1) the requirement that the
power amplifier must be modified to change its output impedance and (2)
the possibility of amplifier instability when trying to compensate for
speakers with overly high Q's placed in comparitively small boxes. The
first disadvantage would cease to be a problem if a manufacturer would
develop a line of amplifiers with an adjustable output impedance covering
both positive and negative values. This was done to a certain extent in
the fifties and early sixties with power amplifiers that contained variable
damping factor controls.

The second method, equalization of the response deficiencies by
the addition of filters ahead of the power amplifier, will be discussed
and investigated in the next section of this paper.

Filter lkqualization of Alignment Incorrect Qg

The compensation of the alignments Q. response deviations by the
addition of filters before the power amplifier will be considered in
this section. The main advantage of this method is the fact that the
power amplifier does not have to be internally modified because the
filter will be designed to operate with a power amplifier that has
flat (with respect to frequency) voltage transfer characteristics and
an approximate zero output impedance (most existing power amplifiers
meet these specifications). The main disadvantage of this filter method
is that the response deviations will not be compensated for exactly if
a simple peak-dip equalization filter is used for compensation.
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To investigate the effects of variation of Q. on a specific
alignments transfer function, the computer was used to make a root
locus plot of the denominator of the system transfer function for
alignment No. 5. This root locus plot is shown in Figure 35 (see
also Tig. 22). The plot suggests that if the system transfer function
with incorrect Qp (in factored form),

S"i'
i(s)= = T
E 5). (3+ F‘el)(5+ a )(5”?2)(5"' E?) (17)

where

Pin= & ntjw, = complex number representing the location of the
nth speaker function denominator pole with incorrect

Q.
A, = denotes complex conjugation
could be multiplied by another function representing the transfer

characteristics of the added compensation filter (assumed to be a
fourth order pole-zero filter),

CE6) L 6)= ()| BRSTRN(5+2.) (s + F,)
H.,(s) EA(S) Hc(S) E4(S) (S-H?) (SfMé') (s N 8) (S +MFZ) (18)

where

2, =K n+jwn = complex number representing the location of the nth
compensation filter function zero.

P_=p¢ *+iw = complex number representing the location of the nth
compensation filter function pole.

and then letting the filter zeros approach the speakers functions poles
Zn = Pj, and the filters poles approach the correct alignments poles
P, = Peps the overall response would be compensated precisely.

t’.

_ S
H.(5) = (S+R5+B)5+R)6 )
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In effect the added filters zeros would be cancelling the effect of the
speaker functions incorrect poles and the correct poles of the filter
would be substituted in their place. The disadvantage of this specific
filter method is the complexity and difficulity of synthesizing this
fourth order pole-zero filter.

The author's further investigation at this point was directed
primarily at using a single second order peak-dip filter to compensate
for incorrect response. The transfer function of the proposed compensation

filter appears as:
God Wed 2
2 _i__
ST+ Qed S + Wed (20)

2
5% + _g% S + Wod

pd = gain of filter at center frequency (Vo= Wpd » O< Gpd<°° )

W H-pd (5)=

where
G

Wpd = 21rfpd = center frequency of filter where maximum filter
effect is observed.
de = Q of compensation filter
Figure /[ 45 7 shows some of the possible responses available from this
filter. The passive RLC synthesis of this type of filter is covered
quite well in the book "Electronic Designers' Handbook" by Landee,

Davis, and Albrecht [ 57 chap. 17 section 2.

Minimization of Error

To select the parameters of the second order peak-dip filter fpq,
de, and G,y a computer program was written that implemented the method
of steepest descents [/ 6 7 to minimize the error between the alignment's
poorrect response and the alignment's response with a specific value of
incorrect Q¢ modified by the peak-dip filter.

To program the method of steepest descents for this specific case
a single performance index A which is a function of the three adjustable
parameters was needed. The performance index chosen was the root mean
square (RMS) difference between the correct frequency response and the
incorrect frequency response over a specific frequency interval,
|
s G | “Wa 2 (21)
= W oy Crot) = | —— (.—Mc)dw
A,m” Amwu( rd) Y Wy~-W, M4
W
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