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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)
E(S) S
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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.

Slf @
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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.

G My AMEMED - X SMC) . AMEW i
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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

F= EMW) = |EGw)|=
{W-(wszs’ws Cas ) %+ Ws w:} +“’S (w w)}

After much manipulation and pencil work the sensitivity functions
appear as follows:

Variation of Q.. (W, = é) 2 2 3
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Variation of W,. (Wg = 1)
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Variation of Wy

E Ws 9E Ws Ee Y 2 .2 [ z ? 2
—- -0 - alw-uw Las W, lm < W .
= S0 TwWe ( v +c“,)w Wy, 6+c:2)..w,,j _Q,z (hlf-w )

(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.

~13-



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 )

—14-
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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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where

Alng = YOOt mean square errot

My = M.(w) = magnitude response of correct alignment

M; = Mj(w) = magnitude response of alignment with incorrect Q¢
modified by the response of the peak-dip filter.

Higher or lower order error averages such as the absolute error
or the cube root mean cubed error could have been used for the performance
index. The higher order averages give more weight to the extreme deviations
in error. The author did not have enough time to fully investigate these
other forms of error averages and their effect on the correct response.
The RMS error was judged to be sufficiently sensitive to be used as a
performance index for this preliminary investigation.

The method of steepest descents to minimize the error was implemented
using the following steps:

(1) Starting at an arbitrary point in the three dimensional parameter
space (Wpd» de, d) with a performance index Ap, compute the partial
derivatives 9 A , EDA s and form the normalized gradient vector,

awpd and aGpd

_MA VA _Q_A_a_’_gﬁa -ﬂ-_*""l"“"‘ 22
g""w‘fﬂl (VA QWM G 9 aGﬂe% |VA' “

where

-
aw"gb, :E = base unit vectors in the coordinate directions

(2) Assuming an initial vector magnitude step size of D, go to a new

point in the parameter space which is a distance D away from the previous
point and in the direction of minus the gradient of A (the direction of the
minimum error) as follows:

_F-D’-_-._F’:-DVA :_I-D:—D_\_/; (23)
| [VA]

where
—
Py = vector from the origin to the starting point
—
Py = vector from the origin to the new point
D = magnitude of vector step
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(3) Check the new point to see if the gradient has changed directions
(components all change sign), if it has - half the step size D and repeat
the above, if it hasn't - leave D the same and repeat the above.

(4) After each shift in parameter space check to see whether D is below
a certain minimum value, if it is - the current values of W, Q, and G are
the minimized values.

In the batch computer program which accomplished the previous steps
the initial vector step size was 0.05 while the final comparison step
size was 0.005. The RMS error was evaluated over an interval from fy,

the box resonance frequency to 8 £} with 25 steps to approximate the
error integral. Each minimization was accomplished in about 12 steps

and required approximately 15 seconds of the computers central prossessing
unit time (CPU, IBM System 360). The peak-dip filter parameters for
alignments No. 3, 5, and 9 which were computed are displayed in table TII
along with the compensated and uncompensated error values. Also displayed
are the error values for a set of approximate peak-dip filter parameters
chosen according to the following equations:

Wpa = 1.08 W,
Qpg = 1 (24)
Cpa = Qu/Qg
where
W, = frequency of upper impedance peak under condition of high Q.
Qr = optimum alignment Q
Qpi = incorrect alignment Q

Table TT shows that using equations (24) the error values are not too

much higher than the minimized error values. Equations (24) can be
extended to compensation filters for any of the alignments. Several
selected error compensation frequency responses are shown in Fig. 36

to 44 for alignments No. 3, 5, and 9. The Q¢ compensation was judged

to be very good for alignments No. 3 and 5 but fair to good for alignment
No. 9 (especially for values of Q much lower than the optimum value). With
lower than optimum system Q for the hilgher numbered Chebyshev alignments
the response has a sharp peak at the box resonance frequency which is
difficult to equalize out with just a single second order peak-dip filter.

Synthesis of Qp Compensation Peak-Dip Filters

Only two synthesis schemes, one passive the other active, will be
covered in any detail in this paper.

-17-



Passive RLC

Peaking Filter

'—CE——T;U‘—
FM'\O_‘E'_‘MQ‘ —o E,
F?é (25)
E ()= P[5+ TS+t
where (R'+ R;) L -C
¥pd = |//1/EE;

de = RJ__‘_""R? —L—'
7, R V €
d = R }Ry
R, T L
Dipping Filter R
E&o-—#—lvw—'— Ee
—te—

(26) -

|
.EZ-(S)— 52"'(-:_??:5 +-L—¢—4
m Sty BB gy g

AM
where R' e C
wpd = l /V?.QC'
Q - R' ’?7 \ ,_9__
Pd R| + RI L
Gpd - Ha
R,"’Rﬁ

Knowing W ds d’ and Gpd the previous equations can be solved for
Ly Cj Ry, and R

~18-



Active

The following system block diagram illustrates a straight forward
method of synthesizing the peak dip filter with an active second order
band pass filter.

E.o

sum
BP Fureq E,
3"3 (27)
S’+——‘¢’c§—°—5+w.Z
& (5)= 5%+ 22 (K+1)5+W,
Bin' "' GF 4 We g 4 We?
X

where
wpd =W
Qpa = Q
Gpg = K+ 1

By proper selection of the constant K this filter will peak or dip.

The writer will not amplify on this particular active synthesis
scheme. The implementation of each individual block will be left to
the reader. The designer is referred to the excellent work Operational
Amplifiers By Burr-Brown [ 4 7.

10. A PRACTICAL CABINET TUNING METHOD

For those who do not have access to a digital computing system for
doing their calculations, the following enclosure tuning method which
uses two sets of tables for computing respectively, the port cross-
sectional area to port effective length ratio (O = Sy/Ly) given the
box volume and resonance frequencies, and the square port cross-section
side dimension given (¢ and the actual port length, has been found
quite useful by the author.

The standard form for the equation that gives the resonance
frequency of a Helmholtz resonator [/ 7 / p. 193 (using Thiele's variables)
is:

Snr
Wy = C 'L‘;T/;r— (28)
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where

Wy = 27rf}, box resonance frequency in rad/sec

Sy cross-sectional area of the vent
Ly effective length of the vent

Vy  volume of cabinet

C speed of sound in air

Solving for the ratio Sy/Ly in the preceeding equation yields

4
- W
-%—"-:-\/&—6{'- = X (29)

nr

which is recognized as the reciprocal of equation (61) in Thiele's
work / 1 7 p. 391. This equation was used to derive this papers
"Alpha Table" which relates the variables f, (H,), Vp(cubic inches or
cubic feet), and (¥ (inches or inches squared per inch).

Substituting into (29) the expression for the effective length
(Ly = L + 1.46 R, where L = the actual vent length, R = the effective
radius of the vent, and assuming one end flanged and one end free
standing) and solving for L gives,

L= _S.'l’..__ .46 R (30)
The above equation can be rewritten for the special case of the vent
of square cross-section of side D and Length L yielding,

2 ?
) - .46 R—__D__ 16 D _ D* (31
L = = al v v e 0825 D

Vrif?

31)
The D Table contained in this paper uses relatio!’to relate the variables
D(inches), L(inches), and O (inches or inches squared per inch).

It has been the author's experience that no matter how carefully
and accurately the vent dimensions are calculated (with respect to the
vent radiation assumptions etc.) a person is doing good if the cabinet
resonance frequency ends up being within *5% of the designed value. The
author usually adds a correction factor of between 10 and 20 percent to
the computed vent length so that the vent can be experimentally shortened
to make the cabinet resonance frequency correct. The following partial
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derlvative relating f;, and L from equation(ZQ)has been found quite
useful in experimentally changing the vent length.

2_81'-:-—__(};— &———Q{{'— (32)
9L 2ln 2L

Noting carefully the comments Thiele makes about the vent length
and area in section VII of his paper, the following procedure can be
used to choose the vent dimension.

Design Procedure

Given. Wy, fp

Choose: L

Calculate: { = (Whjzvb (Look this up in the Alpha Table)
C
Calculate: D from relation D? - .825 ®XD-®L=0
(Look this up in the D table)

Design Example

Tune a cabinet of 7.8 cubic feet to a frequency of 25.0 Hz. The
approximate cabinet depth is 18 inches.

Given: WV, = 7.8 ft.3
f, = 25.0 Hz
. _ . 2. .
Look up: O = 1.92 in.”/in. (On Alpha Table No. 6)
Choose: L = 10 in.
Look up: D = 5.37 in. (On D Table No. 9)
Therefore, the final vent dimensions would be approximately 5.37 x 5.37 x
12 in. deep (allowing a 20% overage in length). The cabinet should now
be tuned using the above calculated vent dimensions and the box resonance

frequency measured. Assuming a measured fp of 22 Ilz, the amount of vent
length to remove can be calculated by applying relationship

H
2 afe . _$o _ _RB2 _ _0.9206 ‘;-% (32)

S AL T 2L T 202
S AL = _.___Ag?' = g‘WMM“gﬂ\'\W’W& :?_’.5—_2-3--:—-3-25%.
~0916 -0.96 —0.916
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This calculation shows that if 3.25 inches is removed from the duct
length the cabinet resconance frequency should be very close to the designed
value. If the sign had been positive it would indiczate that length must
be added to the vent because the measured box frequency was higher than
desired.

11. -A POSSIBLE WEW 5ET OF ALIGNMENTS

Thiele states that alignment Nos. 17 - 19 should be avoided because
of large cone excursions and the high amount of boost requiring excessive
power from the amplifier. IExaminatlon of the speaker only response figure

9 and fhe response of the auxiliary filter figure 14 for these alignments show
the reasons for Thiele's recommendation. All three of these aligpments

have a comparitively low value of f3/fb (as stated by Thiele / 17 / p. 389)
and in addition have a low value of f)k/fb' The following table tabulates
these ratios for alignments No. 15 to 25 for comparison.

Table TII
Some Comparisons for the Sixth Order Alignments

Aux. Filter

Alignment No, £3/8, £ox/Eh Peak Lift in db
15 1.000 1.070 + 6.0
16 868 1922 +7.7
17 750 788 +10.1
18 698 733 +11.6
19 .659 .685 +13.2
20 YT — S
21 1954 2.25 +0.2
22 917 1.61 + 1.1
23 .902 1.47 + 1.9
24 890 1.8 + 3.0
25 876 1.29 + 6.0
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A low value of fpk/fb implies that the auxiliary filter is boosting
in a frequency range which is significantly below the box resonance
frequency and down into the range where the vented box distortion rises
quite rapidly because of excessive cone displacement and out of phase
vent radiation. The author believes that the low value of fyi/fy is
primarily the main reason to reject alignment numbers 17 to 19, not
specifically because of the high value of peak lift.

Figures 46 and 47 show the effect on alignment Nos. 2 and 5 of
tuning the box resonance frequency to lower and lower values. The last
frequency response shown in each of these graphs is the output of the
closed box (with the correct closed box Q¢) with the same value of Vb/vas‘
An examination of these responses suggests that a new set of sixth or
eighth order alignments could be derived for the lower values of Vy,/V,q
(values of V,/V,, less than 0.707, Thiele's definition of a small box)
which would constrain the frequency of maximum auxiliary filter boost to
frequencies nc less than about 0.95 f},. Thiele's alignment No. 15, with
No. 16 as a border line case, now meets these requirements. For a
particular value of V,/V,g, a whole list of alignments could be generated
which differ mainly in the low frequency cutoff f3, box resonance frequency
f,, and the amount of auxiliary filter boost. The primary advantage of
these new suggested small box low frequency alignments lies in the
contraint that the auxiliary filter boost must occur at frequencies at or
above the box resonance frequency. This constraint minimizes the system
distortion because the boost is primarily effective for frequencies where
the vented box loading is the greatest. An illustrative alignment
meeting the suggested specifications for a V,/V,g ratio the same as
alignment No. 2 would have the following possible characteristics: £3/fg =
1.00, f,/fs = 1.10, fpk/fS = 1.10, and a peak auxiliary filter 1lift of
about 16 db.

If the author pursues any investigation along these lines, he will
report the results in the "Project Notes and Engineering Briefs" section
of the AES Journal.



SUMMARY

The sensitivity functions derived for variation of the box resonance
frequency for the vented loudspeaker cabinet show the extreme sensitivity
of the system output for variations of this parameter. Because of the
wide variance of free air resonance frequencies in a batch of the same
make and model loudspeaker, the designer must nearly individually tune
the resonance frequency of each cabinet to the speaker that it will be
used with to eliminate wide variations of the response in the passband
of the system.

The peak-dip filter equalization method of the speaker system with
incorrect Q; was shown to be quite practical for all the alignments with
incorrect system Q,'s higher than the optimum value. For Q.'s less than
the correct value the method works best for alignments with Vb/Vas ratios

less than about one.

The cabinet tuning tables exhibited in this paper help the designer
to rapidly tune a specific cabinet without the help of a digital computer
or involved hand computations.

The additional fourth order Chebyshev derived alignment makes it
possible to extend the response of a speaker nearly a full octave below
the speakers free air resonance frequency without the help of auxiliary
filters.
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FOOTNOTES

IThis Q includes all the losses due to the speaker (suspension and
radiation losses, voice coil 12R losses etc.) plus amplifier losses. In
the deviation of E(S) Thiele assumes a high Q for the cabinet mesh

(@, »30).

21§ any reader has a better idea on how this alignment might be made,
the author is open for suggestiouns.

3a good explanation of sensitivity fundamentals may be found in the
appendix of [ 4 ] p. 461.

4The sensitivity functions for fy, derived in this paper (Sections 4
to 6 and Fig. 29 and 30) show that the alignments are extremely sensitive
to shifts in the box resonance frequency.

5In this paper the author has made no pre-assumptions concerning
what values of cabinet parameters are or are not valid for listings in
the tuning tables.

6The phase method suggested by Ashley [ 8 7 would be an excellent
way to measure the box resonance frequency.
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7Analyze a speaker system such as the Bose 901 (a closed box)
which operates the speakers in a stiffness controlled mode (below the
system resonance frequency) over a significant part of the low frequency
range. This type of system requires a significantly high amount of bass

lift to make the system flat. Tor normal home systems inefficiency per
se does not seem to be a problem
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Table No. I
REWRITTZN ALIGWMTRT DATA

Sixth

Alignment Details Box Design Auxiliary Circuits Impedance Peak Frequencies
' Peak T ) ! T
Ripple Lift |
Typea,_,__K__~r (db) 1£3/fs | fu/fs | VulVaa, _ Qr faux/fs | Xayx | (db) | fok/fg | f1/fs | f/F | £n/f1
”é?i sl 1y QB3 |- 2.68 | 2.000 ! .0954} .180 - - - - .5127 { 3.901 | 7.61
g2 QB3 | 2.28 | 1.730 | .1337; .209 - — i 5161 | 3.346 | 6.48
EEE|3 [qB3 | - 1.77 | 1.420 | .2242] .259 - -- - | -= | .5282 | 2.681 | 5.075
& 1 QB3 |-~ 1.45 | 1.230 | .3390% .303 - - - - .5406 | 2.273 | 4.205
515 18 f.o | — 1000 | 1.000 | 70721 383 - — - —— i .5688 | 1.758 | 3.09
Ti61c, |.8 -~ 1 .867 | .927 § .9479| .415 - - - -~ ! .5771L | 1.607 | 2.78
Cr7 0, 1.6 J13 00,729 1 .829 | 1.372 | .466 - - - — b s7a1 | 1.445 | 2.52
S8 tc, |- .25 | .64l i .757 } 1.790 | .518 - - - -— % .5615 | 1.348 ! 2.40
519 1C |- .55 1 .600 | .716 { 2.062 | .557 - S B R .5499 1 1.302 ; 2.37
=!9.3¢c, {-- |1.52 | .520 | .638 | 2.60 .625 - - 0 - - .5166 | 1.235 | 2.39
)}
§ B5 1.0 [ -- 11.000 | 1.000 | 1.000 | .447 1.000 - - -~ | .6180 | 1.618 L 2.62
&i Cs .7 - .852 | .912 | 1.715 | .545 1.218 -- - -= 1 L6451 | 1.414 | 2.19
= Cs | .4 .25 1 .724 | .814 | 3.663 | .810 1.810 — - - | .6666 | 1.221 | 1.83
& Cs | .355) .5} .704 | .798 | 4.405 | .924 2.06 e - 1 e713 | 1.189 | 1.77
= Cs 278 1.0 | 685 | .781 | 5.236 | 1.102 2.47 - i - — 1 6725 [ 1.161 | 1.73
5 Bg |1.0 ~— 11,000 | 1.000 | .366 | .299 1.000 | .518 !+ 6.0 {1.070 4710 2.123 | 4.51
z - Cg | .8 - .850 | .979 | .429 .317 .858 L4200+ 7.7 .901 L4864 | 2.013 | 4.14
© g Ce | .6 - 698 | .931 | .552 © .348 712 .318 | +10.1] .733 .5032 | 1.850 1 3.68
ég Cg | .3 - .620 | .888 | .e62 | .371 .639 .265 | +11.6 | .651 1 .5094 | 1.743 | 3.42
o Cs | .414] .1 554 1 .8&1 |} .8o0 | .399 .576 .2215| +13.2 | .576 .5123 | 1.642 | 3.20
H
- Bg 1.0 -~ 11.000 | 1.000 | 1.000 | .408 1.000 1614 | - - .6180 | 1.618 | 2.62
8K cg | .8 -— § .84 | 885 | 1.385 | .431 .928 1.250 1+ 0.2 11.992 | .6051 | 1.463 | 2.42
& Cg 1.6 i -— % 677 | .738 12.000 | .46l .819 1.029 |+ 1.1 :1.181 5611 | 1.315 | 2.34
- Cg | .5 1 -— 1.592 | .656 | 2.415 | .48 .752 .895 L+ 1.9 .965 .5235 | 1.253 | 2.39
23 Co |-414) .1 ] .520 | .584 |2.832 | .513 .681 .766 1+ 3.0 | .806 .4832 1 1.208 | 2.50
3 Co | .268] .6 | .40k | .461 | 3.623 | .616 | .553 518 1+ 6.0 | .594 | .4000 | 1.153 | 2.88
R By (1.0 — l1.000 [1.000 |1.366 | .518 { 1.000 1.931 | - - (6599 1 1.515 | 2.30
24- Cg | .2681{ .6 ; 778 | .854 | 9.091 [1.503 }2.12 1614 | - -- ] 27605 [ 1.123 }1.48
‘ ! :
QB3 i-- + —- | .952 1 .971 | .529 328 11028 | -—- l+6.010 © 05140 | 1.889 | 3.68




Table Xo. II

CHARACTZRISTICS OF I'EAK-DIP FILIER TO COMPENSATL FOR IWCGRKECT Q

Alignment Detaills

Filter Design
(Minimum Error)

Filter Design

(Approximate Value

"

RMS Error | RMS Zrror RS Error
Corract | Incorrect Unequalized | Equalized fpd/fs = G q= Equalized
Wo. Qr Qi Q:1/0: | foa/fs Qpd Gpd {db) (dp) 1.08fh/ £y Qpd__ | £<7Fpg (dt)
-207 .80 2.9834 [ 1.0054 | 1.2488 1.20 .20 2.8951 1.0000 ]1.2500 .21
. 324 1.25 2.9244 {1.0031 .8002 1.10 .18 2.3921 1.0200 .8070 .18
414 1.60 | 2.9170 §1.0007 .6229 2.20 .35 2.8951 1.06GGGC L6250 .35
.518 2.00 2.8815 +9955 .4995 3.08 43 2.8951 1.0020 .5000 .48
3 .259 .647 2.50 2.8477 .9870 4004 3.88 .60 2.8951 1.0020 .4000 .62
.816 3.15 ; 2.8186 .9876 L3157 4.61 L7C 2.3951 1.0000 L2175 .76
1.036 4.00 2.7924 L9821 L2452 5.27 .79 2.8951 1.00090 L2500 .94
1.265 5.0C 2.7728 .9773 L1998 5.81 .86 2.8951 1.0000 L2000 1.14
1.632 6.30 2.7568 .93736 L1578 6.30 .92 2.8951 1.6200 .1587 1.35
.191 .50 | 2.0954 L9405 }11.9771 4,08 .56 1.8986 1.0000 }2.000C .71
L241 .63 {2.0590 LG481 | 1.5794 2.62 .38 1.£986 1.0000 §1.5873 46
.306 .80 2.017¢ L9749 §1.2512 1.21 .18 1.8985 1.2000 ; 1.2500 .21
479 1.25 1.9706 .9852 .7992 1.11 .17 1.8985 1.0000 .8000 .18
5 .383 .613 1.60 1.9263 .9602 .6256 2.22 .34 1.5986 1.0000 L6250 .3
.766 2.00 1.9004 .958% .5007 3.12 .43 1.8986 1.0000 .5000 W49
957 2.50 1.876¢ .9494 .3989 3.92 .60 1.8386 1.0000 L4000 .63
1.206 3.15 1.8561 L9442 .3195 4.56 W71 1.8986 1.060C .3175 .78
1.532 .00 1.8381 .5411 .251¢ 5.34 .81 1.8986 1.0000 .2500 .85
L1735 .315] 1.51512 L9475 13.1589 7.34 .68 1.4082 1.0000 | 3.1745 .87
.223 .40 1.5013 L9408 | 2.4851 5.63 .58 1.4062 1.0060 {2.5020 .70
-278 .50 1.4863 L9465 11,9973 4.11 W45 1.4052 1.0C00 | 2.0000 .53
.351 .63 1.4662 .9534 1 1.5888 2.64 .31 1.4062 1.0000 }1.5873 34
9 .557 -446 .80 1.4457 .9826 | 1.2547 1.22 .15 1.4062 1.6009 | 1.2500 .16
€96 1.25 1.4111 .9732 L7971 1.12 W14 1.4062 1.0000 .8000 .15
.891 1.60 1.3923 L9579 L6201 2.25 .28 1.4062 1.0000 .6250 .30
1.114 2.00 1.3776 .951% 4343 3.16 .39 1.4062 1.0C00 .5000 W43
1.392 2.50 1.3649 L8322 L3963 3.98 .48 1.4062 1.0200 . 4000 .58
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The frequency respomse of the first seven Thiale aligmments,
reading froz right to left.
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The frequency response of the Thiele aligrments No. 8, Xo. 3
and the avthors C4 alignrant called ¥o. 9.5, reading frem
right to left.

¥o. 8, 9, 9.5 Chebychev, Fourth Order.
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alignment number gats higher.

No. 10 Butterworth, Fifth Order.
No. 11 to 14 Chebychev, Fifth Order.

The frequency response of the fifth order alignments No. 10 through
The ripple magnitude increases as the
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No. 15 Butterworth, Sixth Order, Class I.
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No, 20 Burrerworth, Sixch Order, Class II
No. 21 to 25 Chebyshev, Sixth Order, Class II
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Fig. 7 The frequency response of alignments No, 26, No. 27, and Xo. 28, Fig. 8 Frequency response of speaker without auxiliary filter for
Alignment No. 27 accounts for all the ripple. alignments No, 10 through No. 14, reading right to lefr.

No. 26 Butterworth, Sixth Order, Class III,

No. 27 Chebyshev, Sixth Order, Class III.

Xo. 28 Quasi-Burrerworth, Fourth Order, using first order lift auxiliary
filcer.







