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TIlE VENTED LOUDSPEAKER CABINET: A RESTATEMENT

D. B. Keele Jr.

Brigham Young University

Electronic Media Department

Provo, Utah 84601

Additional information on the use and application of A. N.
Thiele's alignments L- lff for the vented loudspeaker cabinet

is presented. A rewritten alignment table which has ali 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 cabinet output with respect to various systenl parameters

(lb, fs, Qt, Vb) are derived and plotted. Methods of auxiliary
filter synthesis are discussed including an equalization method

to compensate for incorrect speaker Qt using a single second--
order peak-dip filter. A simple cabinet tuning procedure using

computer printed tables is also presented. A possible new set

of small box low frequency alignments requiring comparatively

high amounts of auxiliary filter boost at the box resonance

frequency are suggested.

1. REkRIlTTEN ALIGNMENT TABLE

To facilitate identification of this papers comouter run alignment

frequency responses and to simplify design procedures, A. N. Thie[e's
alignment table [ 1 3 p. 388 is reproduced here in somewhat different

form (table I). All tim frequency terms have been normalized to the

speakers free-air resonance frequency instead of the alignments ('-3db)

cutoff frequency. The Thiele column giving tileratio Cas/Cab has bnen

chaoged ro the reciprocal value Cab/Cas = Vb/Vas to make the value

proportional to the box volume. The constant listed for the auxilia_q_
fi]ter (x) is the reciprocal of the required filter Q (X.= ]/Q =_ 2 +y).

Also included in the new table is a listing for the frequencies fl and

fh the impedance peak frequencies 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-air resonance

frequency normalization. Usual]y a designer starts with a particular

speaker that has a specific free air resonance frequency and then deter--

mines the box parameters to place it in a particular alignment. The

tabulated values of fi and fh help the designer to check the completed
system tuning.



2. ALIGNMENT RESPONSES

To ease the computer programming of the Thiele vented cabinet

responses, Thiele's equation (19) _ 1 _7 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:

_(s)=

where s = _ + jw complex variable

Ws = 2T_fs fundamental resonal_ce frequency of loudspeakers in red/sec

Wb = 2_rfb cabinet resonance frequency in tad/sec

Cas = Vas ratio of the loudspeaker suspension compliance to the

'Cab 1fal_ box compliance (or alternately, the ratio of Loudspeaker
compliance equival'_nt volume to the box voJume)

1
Qt effective Q of tilespeaker connected to the amplifier.

To derive tile response function which is norraalized to tile

speakers resonance, freqaeacy a substitution of Wbs = 'db/Ws and W s = 1
:,.smade in (1) yielding.

S _ (2)

+(00_+1 + coW S_+ - S +vOwsQ,t

where W5 - fb normal i.zedfrequency variable which is the ratio

Wbs = V_s - _ss between the box and speaker resonance frequencies.

in like manner, the nor_aalized transfer functions for the auxil;.ary

fi[terg are derived.

First Order Alignment,-: 10 to 1-4

$
(B)

H,(s) = S + ooQ,
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faux f3 faux Waux

Was=_-- =_ f3 = Ws

Wau x = 2_ faux corner frequency of filter in rad/sec

W 3 = 21T f3 corner frequency of overall response (speaker plus filter)
in rad/sec.

Second Order - Alignmeats 1_ to 27

S a
(s)=

S2+XwQ S
where (4)

faux

Was = fs corner frequency of filter in tad/sec

X = 1/Qaux = y_'_'_= a constant which is the reciprocal of the filter
required Q.

Yaux auxiliary filter constaut defiaed by Thiele and appearing in

First, ixOrder _ _ A alignmenttable

g

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

The overall responses of the fifth and sixth order filters are just

the appropriate products of (2), (3), (4) and (5) as shown below:

Fifth Order

Esth(S) = E(S)HI(S)

or= E(S)_3(S) (6)

Sixth Order

g6th (S)= E(S)H2(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 wi th separate responses for the speaker, the

filter, and the speaker-filter combination. Examination of the speaker

only responses for alignments 12, 13, 14, and 27 (Fig. 8 and 11) clearly

show why these responses were considered suspect by Thiele _ 1 _ p. 389.

3. NEW RIPPLE VALUES

As a result of the computer runs, it was noted that the ripple

magnitude quoted by Thiele in his alignment table (for the Chebyshev

alignments No. 7s 8, 9) was in excess of the ripple values as determined

from the computer responses. For example, Thiele indicates a ripple

value of 1.B db for alignment No. 9, but the computer run response
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(see Fig. 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 _ pp. 374-375. Tile 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). Aiignment

9.5 is a result of this study (see Fig. 2 and 3).2 This alignment has
a low frequency cutoff nearly a full octave below the speakers resonance

frequency (0.52 fs), a ripple of about 1.5 db, a required Qt 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

nom-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: wb the box

resonance frequency, w s the speaker resonance frequency, Qt the system

Q, and Vab/Vas = Cab/Cas the ratio between the box volume and the speakers

compliance equivalent volume. For a particular variation, ali 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 fb and Qt are very similar to the variational

responses illustrated by J. F. Novak in his excellent work _ 3 _ pp. 9-]0.

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 show 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. 3 The

sensitivity of a system function M(w) with respect to a parameter X is

defined by f 4 _ p. 462.
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Notice that Sx M is a normalized variable which indicates the

relationships 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 shifts up to about

15% in tile independent parameter. For illustration purposes, a

sensitivity value of +1 would indicate a 5% increase in S would reflect

ia an approximate 5% increase in M(5% is about 0.4 db).

To compute the required partial derivatives, equation (1) is first

written as a magnitude function of W.

0"} _ (9)

C' c.,,,j - O,_--
After much manipulation and pencil work the sensitivity functions

appear as follows;

Variation of at' (Ws = 1)

Variation of Wb. (Ws = 1)

$W_ E gW.,,, ug8 (_tw_?-[_t0+_*'+_C--_ }w'..I. ('1-
= - ' - _,_61 J

(H)

Cas

Variation of C--q_ (Ws = 1

5 _'_-_,/ uo C.M ..1C_tt

(12)
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Variation of Ws

(13)

The computer was used to evaluate these functions by using equation

(1) and working directly fron the definition of the sensitivity function

and assuming a 0.1% change in tile independent parameter. The computer

output for the sensitivity functions of alignments 1, 5, and 9, is shown

in figures 29 to 34.

7. OBSERVATIONS AND CONCLUSIONS ON VARIATION OF SYSTEM PARAMETERS

_3_f_es i_%

Examination of the graphical data (fig. 3]) and equation (10) shows

that the magnitude response is effected by variations of Qt mostly at

frequencies about an octave above and below the box resonance frequency.

Tile maximum sensitivities occur at the frequencies fl and fh (the
frequencies at which the input impcdanc_ is maximum for the speaker

mounted in the vented box as defined by Thiele). The sensitivity functions

indicated that all the alignments are equally sensative (peaks of +1.0

in sensitivity) for ali the alignments. Also shown is tile independence

of the response with respect to Qt at the box resonance frequency.

Changes in Vab/Vas

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 +l.0 in sensitivity occurs at the box resonance

frequency. Above fh and below fl increases in box volume actually

cause a slight decrease in system output. The response at the

frequencies fl and fh is volume independent for smaI1 shifts in volume.

Ail the alignments are about equally sensitive to shifts in the volume

ratio. The sensitivity of Vab/Vas decays ts zero for large and small

frequencies (same behavior as sensitivity of Qt)'

Changes in fb

An increase in the box resonance frequency causes an increase in the

output immediately above the optimum required box resonance frequency and



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 ttle denominator of (1) approaches

Ws2Wb2). The higher numbered alignments exhibit an extreme sensitivity

to shifts of _m at frequencies near the optimum box frequency. Alignment

number 9 exhibits a sensitivity peak of nearly -5 just below the optimum

box frequency.

Examination of Fig. 33 and 34 shows how the response shifts if

fs, the speakers free air resonance frequency, is changed. The graphs

indicate a decrease in the response for positive shifts in Ws. 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 Ws.

Conclusions on Cabinet Tuning Considerin_ Sensitivit_ Functions

The graphs displaying sensitivity show that the speakers response

is relatively insensitive to variations in Qt and volume (absolute
sensitivities of about 1 or less), moderately sensitive to variations in

W sttle speakers resonance frequency (absolute sensitivities of about 2

or less), and quite sensitive to variations of Wb the box resonance

frequency for the higher numbered alignments (absolute sensitivities

of ].ess 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 10% 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 tile designer. In this paper only

three of the most straightforward methods will be illustrated.
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First Order, Passive RC (Alignments No. 10 to 14)

(14)

S = s

where

Wo = 2wrf o = 1/RC = (faux/fs)Ws corner frequency (-3 db) in red/sec.

Note: The filter as shown must be driven from a source impedance

of ]_ess than 0.lR for correct operation. The resistance R may be

the input impedance of the following stage.

Design Procedure

Given: f f (from alignment table)S _ aux

fs

Choose: R

Calculate: Wo = 2 rr fs(faux )
fs

c = 1/_o_)

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 0.1fs< f <10fs) ,

the amplifier input coupling capacitor would be changed to the value

computed above to generate the correct auxiliary filter response.
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Second Order, Passive RLC (Alignments No. 15 to 27)

E.o ,Ic OEo

S_ v S_

where

Wo = 2_f o = (_s_)Ws filter corner frequency in rad/sec

Xaux = _ = _ _ 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 ts unity. The same assumptions on source and load impedance

that apply to the first order filter also apply to this filter.

Design Procedure

Given: fs' faux, Xau x

fa

Choose: R

Calculate: W o = 2_ fs (faux)
fs

C = 1
au_-_

1

L= Wo-_2_C

The disadvantage of this filter is the large values of L and C
required for the low frequency alignments. For example, if a filter is

designed for a speaker with fs = 40 Hz for alignment No. 24 (R = 10K-_t),
the inductance value is 44.7 H and the capacitor value is 0.764 pF.

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, ]ow output impedance) ill a multiply feedback

arrangement E 4,7 p. 296. The VCVS is easily implemented using an

operational amplifier or a high beta transistor in an emitter fo]lower

configuration.

7 (]6)

_o (s)= I<s_

If we ]et K = +1, and C1 = C2 = C, we find that

_(s)= S2+ _--_---S+-'-
_C g,_,C_

where

IL_.
/_ W$ fiic ......... r frequency 5..... d/secOOo=_o = _ C

_0_1_ --_'-_ = _ reciprocal of filter Q.
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Design Procedure

Given: _$, _OJ/_ , _L_U_

&
Choose: C

Calculate: Wa = _7_$(}_)

Design Example

Design an alignment No. 16 auxiliary filter for a speaker with a free

air resonance frequency of 52.5 Hz,

-_-- o.8587Xo_- O,qTOChoose

C= O.I_F
Calculate

OOo=¢._,)¢_.,)(o._58)= 2,3 ,,_.

*'= 2¢_,)(,,,_'9= z_ Pr=
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The voltage controlled voltage source can be implemented with an

operational amplifier such as the 741 in the following circuit;

or using a super-beta transistor such as the 2N3391 in the following

emitter follower configuration:

+Y

Choosing the latter route, a practical representative design would

appear as:

+v

2
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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. Ia tile example cited, tile filter should boost

+7.7 db at a frequency of fpk = fs(fpj!k)= 52.5(.901) = 47.2 Hz.
fs

9. COMPENSATION OF ALIGNHENT INCORRECT Qt

Thiele points out in his paper f ] .7 p. 475 that if a particular

alignment is to be within ±1 db of the desired magnitude frequency response,

the alignments Qt must be within about ±10% of the designed value (the

sensitivity functions for Qt derived in this paper also confirm this).

To achieve this somewhat close tolerance in Qt means that either a

person sticks to the particular alignments which match the measured Qt

of his speaker or use one of two forms of compensation which correct

for the response deficiencies introduced by the incorrect Qt.

Tile first method, variation of the power amplifiers dynamic output

impedance, was covered very thoroughly in Thiele's pa]mr _ 1 _ pp. 475--476.

This method which adds to or subtracts from (via a negative output

impedance) the voice coi]s resistance compensates very accurately for

the response errors by returning the system Qt back to the designed value.

The two main disadvantages of this method are: (1) the reqnirement that thc

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 comparitiveiy 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 Equalization of Alignment Incorrect Qt

The compensation of tile alignments Qt 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 Qt 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 Fig. 22). The plot suggests that if the system transfer function

with incorrect Qt (in factored form),

where

Pill= _n+jWn = complex number representing the location of the

nth speaker function denominator pole with incorrect

Qt.

= 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)_

where

Zn =_4n+JWn = complex number representing the location of the nth
compensation filter function zero.

Pn = _ n+JWn = complex number representing the location of the nth
compensation filter function pole.

and then letting the filter zeros approach the speakers functions poles

Zn = Pin and the filters poles approach the correct alignments poles

Pn =Pcn, tile overall response would be compensated precisely.

S *
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