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The low-frequency performance of a vented-box loudspeaker system is directly re­
lated ta a small number of easily measured system parameters. This system is a fourth­
arder (24-dB per octave cutoff) high-pass filter which can be adjusted ta have a wide
variety of response characteristics. Enclosure lasses have a significant effect on system
performance and should be taken into account when assessing or adjusting vented-box
systems. The efficiency of a vented-box loudspeaker system is shawn to be quantitatively
related ta system frequency response, internal losses, and enclosure size.
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The concept of the vented loudspcaker enclosure was
introduced by Thuras in a V.S. patent application of
1930 [1]. The principle of operation of the system is
described in considerable detail in this document which
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recognizes the interaction of diaphragm and vent radia­
tion, presents several possible methods of construction,
and includes a polynomial expression for the frequency­
dependent behavior.

In 1952 Locanthi [2] provided the first means of cal­
culating the exact magnitude of diaphragrn-vent inter­
action and introduced the use of electrical analog net­
works to study the performance of vented-box systems.

In 1954 Beranek [3, ch. 8] derived a polynomial ex­
pression for the response of a vented-box system which
was much simpler than Thuras' expression. Beranek
ignored diaphragm-vent interaction and gave results for
the relative response at three discrete frequencies, taking
into account the system losses and including the exact
effects of the variation with frequency of the radiation
load resistance.

The first successful attempt to penetrate both the an­
alysis and design of the vented-box system was published
by van Leeuwen in 1956 [4]. This paper examines dia­
phragm-vent interaction and the effects of both parallel
and series resistance in the vent. The analysis gives
polynomial expressions for the frequency response and
indicates the system poles and their relationship to the
system transient response. Van Leeuwen studied the
voice-coil impedance and determined accurate methods
of calculating the driver and system parameters (and
their nonlinearities) from measurement of this im­
pedance. Also, he presented system design methods for
obtaining a response characteristic of the equal-ripple
(Chebyshev) type and iIIustrated the use of analog cir­
cuits to study the voice-coil impedance and the steady­
state and transient response of the system. Unfortunately,
this paper was published only in Dutch and was not
widely read.

In 1959 de Boer [5], incorporating the diaphragm-vent
interaction analysis of Lyon [6], showed clearly that the
problem of vented-box system design was a problem of
high-pass filter synthesis. Working independently, Novak
[7] published in the same year an analysis which pro­
vided a simplified transfer function, methods for deter­
mining the driver and system parameters from voice-coil
impedance measurernents, and a clear indication of the
amount of driver damping required for fiat response.

A year later, Keibs [8] published a penetrating analysis
which provided specifie quantitative design criteria for
the conditions of maximally fiat amplitude response and
optimum (as defined) transient response.

In 1961 two papers published almost simultaneously
but independently brought the understanding of vented­
box systems in English-Ianguage publications up to and
beyond the level attained by van Leeuwen. First de Boer,
who had in fact read van Leeuwen's paper, extended his
own earlier approach using network-synthesis techniques
to providea much more lucid result. De Boer's paper
[9] provides design solutions for both Butterworth and
Chebyshev responses. While de Boer's analytical approach
can only be described as elegant, the paper is mainly
theoretical and does not provide any detailed guide to
physical realization.

Later in 1961, Thiele [10], working with the simplified
model established by Novak [7], published an analysis
which included exhaustive treatment of the practicaJ
matters of realization. It is interesting that Thiele's paper,
written completely independently of de Boer's, follows

almost exactly the analysis-approximation-synthesis pro­
cedure outlined by de Boer in his introduction. Thiele's
paper provides a mu ch wider range of "optimum" re­
sponses than any previous paper, treats the amplifier as
an integral part of the system, and provides simple and
accurate methods of determining both driver and system
parameters through measurement of the voice-coil im­
pedance. Il is probably fair to say that Thiele's paper
was the first to provide an essentially complete, compre­
hensive, and practical understanding of vented-box sys­
tems on a quantitative leveI.

While both de Boer and Thiele published in English,
neither paper appears to have been widely read (or
understood) at the time of publication. Only after 10
years has Thiele's paper been recognized as a classic and
republished for a wider audience.

In 1969 Nomura [11] pointed out that enclosure losses
often contribute substantial response errors, Nomura's
paper provides design solutions for Chebyshev, "degener­
ated" Chebyshev, and Butterworth responses which in­
elude the effects of absorption losses in the enclosure.

A very recent paper by Benson [32] contains the most
complete smali-signal treatment of vented-box systems
yet available and coversseveral interesting topics not
discussed here, A number of footnotes have been added
to the text of this paper to make reference to the im­
proved understanding or techniques developed by Ben­
son or to indicateareas in which further information
may be gained from his paper.

Technical Background

The vented-box loudspeaker system is a direct-radiator
system using an enclosure which has two apertures. One
aperture accommodates a driver. The other, called a
vent or port, allows air to move in and out of the en­
closure in response to the pressure variations within the
enclosure.

The vent may be formed as a simple aperture in the
enclosure wall or as a tunnel or duct which extends in­
ward from the aperture. In either case, the behavior of
the air in the vent is reactive, i.e., it acts as an inertial
mass. At low frequencies, the motion of air in the vent
contributes substantially to the total volume velocity
crossing the enclosure boundaries and therefore to the
system output [12J.

The analysis of vented-box systems in this paper is
essentially an extension of Thiele's approach [10]; it fol­
lows the organization of [12] which is in fact a general­
ized description of Thiele's methods. The principal ex­
tensions to Thiele's work include treatment of efficiency­
response relationships and large-signal behavior, evalua­
tion of diaphragm-vent interaction, assessment of the
magnitude and effects of normal enclosure losses, and
calculation of alignment data for systems having such
losses. The treatment of enclosure losses is different from
rhat of Nomura [11] because the absorption losses con­
sidered by Nomuraare found to contribute only a portion
of the losses present in practical enclosures.

Sorne of theanalytical results presented in this paper
are either obtained or iIIustrated with the help of an
analog circuit simulator similar to that used by Locanthi
[2]. Such a simulator is an invaluable aid in the analysis
and design of loudspeaker systems because it provides
rapid assessment of both time-domain and frequency-
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2. BASIC ANALYSIS

This circuit may be simplified to that of Fig. 2 by

(3)

(2)

(1)
B212

R =R +----
AT AS (R+R)S2o E J)

Corresponds to driver mass MAS

Corresponds to driver suspension compliance C.4 B

Corresponds to driver suspension resistance RAB

Corresponds to enclosure compliance C 1 R

Corresponds to enclosure leakage resistance R A L
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as the value of the Thevenin acoustic pressure generator
at the left of the circuit. Finally, R.4 B and R A P are
neglected because, as described in the next section, their
effects can normally be accounted for by a suitable
adjustment to the value of R A L •

By comparison, the circuit used by Novak [7] and
Thiele [10] is obtained from that of Fig. 2 by removing
the resistance R A L •

The electrical equivalent circuit of the vented-box sys­
tem is formed by taking the dual of Fig. 1 and converting
aIl Impedance e1ements to their electrical equivalents by
the relationship

where ZA is the impedance of an element in the im­
pedance-type acoustical analogous circuit and ZE is the
Impedance of the corresponding element in the electrical
equivalent circuit. A sirnplified electrical equivalent cir­
cuit corresponding to Fig. 2 is shown in Fig. 3. In this
circuit,

The circuits presented above are valid only for fre­
quencies within the piston range of the system driver;
the element values are assumed to be independent of
frequency within this range.

As discussed in [12], the effects of the voice-coil in­
ductance and the resistance of the radiation load are
neglected. The effect of external acoustic interaction he­
tween driver diaphragm and vent [2], [6] has also been
neglected. The reasons for this are given later in the
paper.

The analysis of the system and the Interpretation of
its describing functions are simplified by defining a num-

and by defining

combining the series resistances in the driver branch to
form a single acoustic resistance R.4 T , where

Fig. 1. Acoustical analogous circuit of vented-box loud­
speaker system.

Open-circuit output voltage of source or ampli­
fier

Magnetic flux density in driver air gap

Length of voice-coil conductor in magnetic field
of air gap

Effective projected surface area of driver dia-
phragm

Output resistance of source or amplifier

De resistance of driver voice coil

Acoustic compliance of driver suspension

Acoustic mass of driver diaphragm assembly in-
cluding voice coil and air load

Acoustic resistance of driver suspension losses

Acoustic compliance of air in enclosure

Acoustic resistance of enclosure losses caused by
internai energy absorption

Acoustic resistance of enclosure losses caused by
leakage

Acoustic mass of port or vent including air load

Acoustic resistance of port or vent losses

Volume velocity of driver diaphragm

Volume velocity of port or vent

Volume velocity of enclosure leakage

Volume velocity entering enclosure

Total volume velocity leaving enclosure bounda­
ries.

MA P

R A P

Un
Up

UL

Uu
Uo

R A L

B

1

The impedance-type acoustical analogous circuit of a
vented-box loudspeaker system is presented in Fig. 1.
This circuit is derived from the generalized circuit of
[12, Fig. 2J by short-circuiting the port compliance ele­
ment. In Fig. 1, the symbols are defined as follows:

domain performance. It is particularly useful in investi­
gating the effects of losses, component tolerances, sys­
tem misalignment, etc., on response, diaphragm excur­
sion, and voice-coil impedance. It provides results in a
fraction of the time that would he required using normal
computational methods.

The analytical re1ationships developed in this paper
show that the important performance characteristics of
vented-box systems are directly related to a number of
basic and easily measured system parameters, Both the
assessment and the specification of performance at low
frequencies for such systems are therefore relatively
simple tasks.

ln Parts 1 and II it is shown that these analytical re­
lationships impose definite quantitative limitations on
both small-signal and large-signal performance of vented­
box systems and indicate the extent to which the im­
portant performance characteristics may be traded off
against one another.

ln Part III these re1ationships lead to a method of
synthesis (system design) which is free of trial-and-error
procedures. This method starts with the desired per­
formance characteristics, checks these for realizability,
and results in complete specification of the required
system components,

The appendices of the paper are included in Part IV.
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where s = cr + j", is the complex frequency variable, the
diaphragm displacement function

Up s2T B2+ sTB/QL + 1
X(s) =------_

D(s)
(14)

where D(s) is the denominator of Eq. (13), the displace­
ment constant

ka; = 1 (15)

and the voice-coil impedance function

ZvcCs) =
Fig. 2. Simplified acoustical analogous circuit of vented­

box loudspeaker system.

the system tuning ratio h, given by

ber of component and system parameters. For the en­
closure, these are

(5)

(18)

(17)

I/QB = I/Qr, + I/QA + I/Qp. (19)

where D'(s) is the denominator of Eq. (13) but with
QT wherever it appears replaced by QJfS'

QA = 1/("'BCAlIR AB)

and for the vent losses

3. ENCLOSURE LOSSES

for the absorption losses,

Inany vented-box loudspeaker system, three kinds of
enclosure losses are present: absorption losses, leakage
losses, and vent losses. These losses correpond to the
resistances RAB' RAT" and R AP in Fig. 1. The magnitude
ofeach of these losses may be established by defining a
value of Q for the enclosure-vent resonant circuit at fB'

considering each loss one at a time. Thus for the leakage
losses,

The total Q of the enclosure-vent circuit at fB is then
defined as QB' where

It is this QB that is measured in a practical system using
the method of Thiele described in [10, sec. 14] and in
Section 7 (Part II) of this paper.

This paper deals only with systems in which enclosure
losses are kept to a practical minimum. Systems making
use of deliberately enlarged enclosure losses (e.g., large
leaks, resistively damped vents, heavily damped or filled
enclosures) will be treated in a later paper.

(10)

In Eq. (9) Po is the density of air (1.18 kgyrn") and c
is the velocity of sound in air (345 my's). In this paper
it is assumed that the values of the first three parameters
apply to the driver when the diaphragm air-Ioad mass
is that for the driver mounted in the system enclosure
[3, pp. 216-217].

The interaction of the source, driver, and enclosure
give rise to further system parameters. These are the
system compliance ratio a, given by

Y B2 = 1/"'B2 = C,4BM AP = CMEPLcEB (4)

QL = "'BCABR AL = 1/("'BCMEpREL)' (5)

From Figs. 2 and 3 it can be seen that "'B = 27rfB is the
resonance frequency of the enclosure-vent circuit, and
that QL represents the Q of this resonant circuit at WB
resulting from the leakage 109Ses.

Similarly, the system driver is described by the driver
parameters introduced in [12]. These are

T S2 = 1/"'s2 = CAsMAS = Cj1'lESLCES (6)

QMS = "'SC"lfESRES = 1/("'sCAsRAs) (7)

QES = "'sCJ[ESRE = "'sREM.4SSD2/(B2/2) (8)

VAS = POC2CAS' (9)

and the total Q of the driver connected to the source QT'
given by

a..
UJ
~

U

Ul
UJ
U

...J

Ul
UJ
~

U

Ul
UJ

0::

Fig. 3. Simplified electrical equivalent circuit of vented-box
loudspeaker system.

(12)

(13)
s4yB2Yi + s3(T1I2YS/QT + y BTS2/QL)

+ S2[ (a + 1) y B2 + y BTs/QLQT + T S2]

+ s(TB/QL + TS/QT) + 1

G(s) =

Following the method of [12], analysis of the circuits
of Figs. 2 and 3 and substitution of the parameters de­
fined above yields the system response function
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LOSSLESS B4

Fig. 4. Effects of enclosure-circuit losses on response o~ a
lossless B4-aligned vented-box loudspeaker system (from sim­
ulator) .

4. RESPONSE

Response Function

The response function of the vented-box system is
given by Eq. (13). This is a fourth-order (24-dB per

5 7 10123
wTO

o
IGCjw)1.

dB

-10

.3

FinaIly, and not surprisingly in view of Fig. 4, it has
shown that approximately equal values of QA and Qp in
the range of values normally measured in practical en­
closures have a combined effect on system response
which is effectively indistinguishable from the same total
value of QL'

The above findings lead to the conclusion that even
where actual leakage is not dominant, the enclosure
lasses present in a normal vented-box system may be
adequately approximated, for purposes of evaluation or
design, by a single frequeney-invariant leakage resistance.
The value of this equivalent leakage resistance is such
that the corresponding value of QL is equal to the total
QB that would be measured in the real system by Thiele's
method. This approximation is reflected in Figs. 2 and 3
and in the system describing funetions Eqs. (13), (14),
and (16).

seals and/or by leakage of air through a porous dust cap
and past the voice coil, However, the few systems hav­
ing drivers with solid dust caps and perfect gaskets still
had dominant measured leakage losses.

Confidence in the measurement method, based on its
ability to detect with reasonable accuracy the deliberate
introduction of small additional enclosure losses, leads to
the conclusion that the measured leakage in apparently
leak-free systems is not an error of measurement but an
indication that the actual losses in the system enclosure
are not constant with frequency as assumed in the
method of measurement (Appendix 3).

The analog circuit simulator bas proved to be an in­
valuable aid in reaching and supporting this conclusion
and also in establishing the practical meaning and use­
fulness of the total-Ioss measurement. First, it bas shown
that vent losses whieh increase with frequency and ab­
sorption losses which decrease with frequeney do indeed
appear in the measurement results as apparent leakage.
Second, it has shown that where such frequency-varying
losses are present, the system response is predicted with
extremely high accuracy from the measured values of
QA' QL' and Qp as defined.

Assessment of the contribution of enclosure losses to
system performance requires meaningful answers to two
questions. First, what is the effect of each kind of loss
on system performance? Second, what are the typical
magnitudes of the three kinds of losses in practical
enclosures?

The answer to the first question has been obtained by
constructing the circuit analog of a vented-box system
and observing the change in response as a "lossless" en­
closure is provided successively with individual leakage,
absorption,and vent losses corresponding to a given
value of Q. The results for the fourth-order Butterworth
(B4) alignment given by Thiele in [10, Table 1] are shown
in Fig. 4 for Q values of 5. As indicated by Thiele [10,
eq. (90)], the maximum response loss occurs at t» and
to a very close approximation depends only on QB and
not on the actual nature of the loss or losses present.
Above lB absorption losses have the greatest effect and
vent losses the least effect on response, while below lB
the relative effects are reversed. The effect of leakage
losses is intermediate both above and below lB' The
relative effects are the same for other alignments given
in [10], except that, as stated by Thiele, the response loss
for a given value of QB is greater for alignments having
a lower compliance ratio and smaller for alignments
having a higher compliance ratio.

The second question has troubled a great many authors
because measured losses tend to be higher than the values
predicted from theory. Both Beranek [3, p. 257] and
Thiele [10, footnote to sec. 14] suspected that absorption
losses were to blame for their low measured values of
QB' and Nomura's paper [11] is based on the assump­
tion that these lasses are dominant. Van Leeuwen found
that neither lining nor bracing of the enclosure affected
his loss measurernents [4] and concluded that absorption
losses were not significant. He suspected that his extra
losses arose in the vent and could be explained only by
assuming an increased value for the coefficient of vis­
cosity of air-about 30 times larger th an the normally
accepted value.

It is possible to determine the magnitude of each kind
of loss in practical systems by an extension of Thiele's
measurement method as described in Appendix 3. From
measurements of this type on a number of commercial
and experimental systems, the following was found.

1) Losses in unobstructed vents are usually about the
same as or a little greater than the values calculated from
viscous theory [10, eq. (7)]. Typical values of Qp for
unobstructed vents are in the range of 50-100. If the
vent is obstructed by grill cloth or lining materials; the
value of Qp can fall considerably, but with reasonable
care in design need not fall below 20.

2) Absorption losses in unlined enclosures are quite
smail, giving Q1 values of 100 or more. Typical lining
materials placed on the enclosures walls where air par­
ticle velocity is low do not extract very much energy
[13, p. 383] but can reduce QA to a range of 30-80.
Very thick linings or damping partitions reduce QA even
further.

3) Leakage losses are usually the most significant,
giving QT~ values of between 5 and 20.

The last result is surprising, because the enclosures
tested were weIl built and appeared to be quite leak-free.
In fact, sorne of the more serious leaks were traced to
the drivers. These leaks were caused by imperfect gasket
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Fig. 5. Normalized response curves for B4 and selected C4
and QB3 alignments of vented-box loudspeaker system.

h
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Fig. 6. Alignment chart for lossless vented-box systems.

Both the C4 and QB3 alignments provide a wide range
of realizable response characteristics with gradually
changing properties. Also, both as a limiting case coin­
cide with the unique B4 alignment, so a completely con­
tinuous span of alignments is mathematically possible.
A few of these alignments are illustratedin Fig. 5. The
frequency scale of Fig. 5 is normalized to the nominal
time constant of the B4 alignment; the other curves are
plotted to the same scale but displaced horizontally for
c1arity. In this paper, the C4 alignments are specified by
the value of k used by Thiele and defined in Appendix
1. The QB3 alignments are specified by the value of B
defined in Appendix 1.

Inspection of Eqs. (21-24) reveals that the four
mathematical variables needed to specify a given align­
ment, T0' al' a2' and G3' are related to five independent
system variables (or parameters), Ts' h, a, QI" and QT'
This méans that specification of a particular alignment
does not correspond to a unique set of system parameters
but may he obtained in a variety of ways. For any given
alignment, one parameter may be assigned arbitrarily
(within limits of realizability) and the rest may then be
calculated.

(24)

(23)

(22)

(21)

Q83

42

84

.5 1
wTO (84)

.25

To = (TBTs)Y, = Ts/hY,

QI,+hQT
al =----

hY,QI,QT

h+(a+l+h2)QLQT

hQI,QT

hQr,+QT
a'j =

, hY,QI,QT

C4
o

dB

IGCjw)\ k=0.5

-10

s4T
04

G(s) = (20)
s4T04 + a l s3T 03 + a2s2T02 + a3sTo+ 1

where T 0 is the nominal filter time constant and al' a2'
a3 are coefficients which determine the behavior of the
filter response.'

The behavior of Eq. (13) may he assessed by studying
Eq. (20) and then using the relationships which make
the corresponding terms of the two expressions identical.
Using Eq. (l1), these are

octave cutoff ) high-pass filter function which may be ex­
pressed in the general form

Frequency Response

Alignment

The frequency response IG(jw) 1 of Eq. (20) is ex­
amined in Appendix 1. Coefficient data are given for a
variety of useful response oharacteristics which may he
used to align the vented-box system.

Three very useful types of alignments are given by
Thiele in [10]. These are the fourth-order Butterworth
maximally fiat alignment (B4), the fourth-order Cheby­
shev equal-ripple alignment (C4), and the alignment
which Thiele has dubbed "quasi-third-order Butterworth"
(QB3). Alternative alignments include the degenerated
Chebyshev responses of Nomura [11] and the sub-Cheby­
shev responses of Thiele [14], although the latter provide
less effective use of enclosure volume in relation to the
efficiency and low-frequency cutoff obtained, i.e., a lower
value of the efficiency constant described in Section 5.

1 This normalization of the fi1ter function follows the ex­
ample of Thiele [lOlo The relationships between this form
of normalization and others, e.g., that used by Weinberg
[18], including relative pole locations are given by Benson
in [32, pp. 422-438 and Appendix 7].

A basic understanding of the behavior of the vented­
box system is quickly obtained if the enclosure losses are
ignored, i.e., QI, is taken to he infinite. In this case, Eqs,
(22-24) are simplified and all alignments become unique
in terms of the system parameters. This is the process
followed by Thiele in [10].

Fig. 6 is an alignment chart for systems with lossless
enclosures based on the C4, B4, and QB3 alignments.
The compliance ratio a is chosen as the primary inde­
pendent variable and plotted as the abscissa of the figure.
The corresponding values of k and B which specify the
C4 and QB3 alignments are also given on the figure.
Because each alignment is unique, every value of a cor­
responds to a specifie alignment and requires specifie
values of the other system parameters to obtain the cor­
rect response. Thus the figure gives the values of QT
and the tuning ratio h = IB/fS required for each value
of a, as well as the normalized cutoff frequency 13/1s at
which the response is 3 dB down from its high-frequency
asymptotic value.

Misalignment

The effect of an incorrectly adjusted parameter on the
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Fig. 7. Variations in frequency response of lossless B4­
aligned vented-box system for misalignment of QT (from
simulator) .

. Fig. 8. Variations in frequency response of lossless B4­
aligned vented-box system for misalignment of h (from simu­
lator) .

frequency response of a vented-box system is easily
observed using the analog circuit simulator. Fig. 7 shows
the variation produced in the response of a lossless sys­
tem aligned for a B4 response by changes in the value
of QT of ±20%, -50%, and +100%. This agrees
exactly with [10, eqs. (42) and (43)] which indicate
that the response at the frequencies ti. and I H of the
voice-coil impedance peaks is directly proportional to
QT' while the response at lB is independent of QT' Fig.
8 shows the variations produced in the same alignment
by mistuning (changing the value of h) of ±20% and
±50%.

Similar effects occur with other alignments. It is not
difficult to see why the vented enclosure is sometimes
scorned as a "boom box" when it is realized that the
values of QT required are much Iower than the majori­
ty of woofers provide [15, Table 13] and that a his­
torical emphasis on unity tuning ratio regardless of corn­
pliance ratio often results in erroneously high tuning.

Alignment with Enclosure Lasses

Using the approximation arrived at in Section 3, the
parameter relationships required to provide a specified
resporrse in the presence of enclosure losses may he cal­
culated as described in Appendix 1. Compared to loss­
less alignments, a particular response characteristic gen-

erally requires a larger value of QT and a smaller value
of a.

Alignment charts for the C4, B4, and QB3 responses
are presented in Figs. 9-13 for systems having enclosure
lasses corresponding ta a QL of 20, 10, 7, 5, and 3, re­
spectively. These values are representative of real en­
closures, for which the most commonly measured values
of QB are in the range of 5-10.

Transient Response

Keibs [8], [16] offered alignment solutions for
what he considered to he the optimum transient
response of a fourth-order filter. The same alignment
parameters were later advocated by Novak [17]. The
step responses of various fourth-order high-pass filter
alignments are illustrated in Fig. 14. The alignments
range from Chebyshev to sub-Chebyshev types and in­
elude the alignment recommended by Keibs.

The transient response of any minimum-phase network
is of course directly related ta the frequency response.
For the vented-box system, the alignments which have
more graduaI rolloff also have less violent transient ring­
ing. If transient response is considered important, then
it would appear that the QB3 alignments are ta be pre­
ferred over the B4 and C4 alignments. The SC4 align­
ments (Appendix 1) provide a further improvement in

Fig. 9. Alignment chart for vented-box systems with
QB= QL=20.
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Fig. 11. Alignment chart for vented-box systems with
QB = QL = 7.
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where 13 is the cutoff (half-power or - 3 dB) frequen­
cy of the system, V B is the net internal volume of the
system enclosure, and kT} is an efficiency constant given
by

(26)

(25)

the enclosure. Thus if the driver parameters are mea­
sured under or adjusted to correspond to this condition,
the system reference efficiency 710 is [12, eq. (32)]

41T2 IsS VAS
710 = _._--.

cS QES

For SI units, the value of 41T2/CS is 9.64 X 10-7•

Efficiency Factors

Eq. (25) may be written

710 = k"/ss V B

h
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oc.

.5 .7 1.3o

0.2

0.6

QT

0.4

transient response but have a less attractive frequency
response,

41T2 VAS Is3 1k; = _. __ ._._-
CS V JI la3 QES

(27)

Fig. 13. Alignment chart for vented-box systems with
QB = QL = 3.
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Phase and Delay Response

Weinberg [18] shows how the conditions of maximal
flatness or equal-ripple hehavior may be imposed on
any property of a response function, including phase
response and group delay. The condition of maximally
flat passband group delay is provided by the Bessel
filter. The polynomial coefficients of the fourth-order
Bessel filterare calculated in Appendix 1 from the pole
locations given in [19].

General Response Realization

Any physically realizable minimum-phase fourth-or­
der response characteristic which can be described in
terms of the coefficients of Eq. (20) can be realized in
a vented-box loudspeaker system. Using the method of
Appendix 1, the coefficients may he processed into sys­
tem alignment parameters which will produce the spec­
ified response.

Fig. 12. Alignment chart for vented-box systems with
QB = QL = 5.
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(31)

k"(Q) = QT/QES
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where

Eq. (29) then reduces to

k"(Q) = QTS/QES = 1 - QTS/QMB' (32)

This expression has a maximum value of unity which
is approached only when mechanical driver losses are
negligible (QMS infinite) and all required damping is

Driver Loss Factor

The value of QT for systems used with modern high­
damping-factor amplifiers (R g = 0) is equal to Qu,
where [12, eq. (47)]

The efficiency constant k; may be separated into two
factors, k"(Q) related to driver losses and k"ca) related to
the response characteristic and enclosure losses. Thus,
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5. EFFICIENCY

Reference Efficiency

The piston-range reference efficiency of a vented­
box loudspeaker system is the reference efficiency of
the system driver when the total air-load mass seen by
the driver diaphragm is the same as that irnposed by
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'lJO(max) = 3.9 X 10- 6 / 3
3 V B (35)

with 13 in Hz and VB in rn". This relationship is il­
lustrated in Fig. 16, with V B (given here in eubic deci­
meters: 1 dm" = 1 liter = 10-3 rn") plotted against
13 for various values of 'lJO(max) expressed in percent.

of the B4 alignment is indicated on eaeh eurve by a
short vertical bar.

H is clear that enclosure losses significantly reduce
the value of k. iG ) for a eorrectly aligned system. The
maximum possible value of k.(G) is 3.9 X 10-6 and
oeeurs when the enclosure losses are negligible and the
system eompliance ratio is adjusted to about 0.6. This
is a k = 0.5 C4 alignment which has a ripple of about
0.2 dB.

Maximum Reference Efficiency, Cutoff
Frequency, and Enclosure Volume

Taking the maximum theoretieal values of k.(Q) and
k. iG ) , the maximum reference efficiency 'lJO(max) that
could be obtained from a lossless vented-box system for
specified values of 13 and VBis, from Eqs. (26) and
(28) ,

KEI8S

Q83
8=3

SC4
k=3.6

o

o

C4
k=0.33

0

C4
k=0.5

0

84
1

o

o

o

Fig. 14. Normalized step response of vented-box loud­
speaker system (from simulator).

System Response Factor

and, using Eqs. (9) and (l0), Eq. (30) can be written in
terms of the system parameters as

Fig. 15. Response factor k.( G) of efficiency constant for
vented-box loudspeaker system as a function of a. (system
compliance ratio) for several values of enclosure Q.
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Fig. 16 represents the physicalefficiency-cutoff fre­
quency-volume limitation of vented-box system design.
A practical system having given values of 13 and V B

must always have an actual referenee efficiency lower
than the corresponding value of 'lJO(max) given by Fig.
16. Similarly, a system of specified efficiency and vol­
ume must have a cutoff frequency higher than that in­
dicated by Fig. 16, and so on.

Actual vented-box systems have an efficiency lower
than the maximum given by Eq. (35) because of driver
mechanical losses, enclosure losses, and the use of
alignments other than that which gives maximum effi­
ciency for a given value of QL' Typical practical effi-

Fig. 16. Relationship between cutoff frequency, enclosure
volume, and maximum reference efficiency for vented-box
loudspeaker system.
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The relationships between a, QT' and f 31fs for the
C4-B4-QB3 alignments have already been calculated
and plotted in Figs. 6 and 9-13. Thus the value of
k.( Q) for any of these alignments can also be ealculated.
Fig. 15 is a plot of the value of k. iG ) as a function of
a for several values of QL' For reference, the location

Normally, vented enclosures contain only a small
amount of damping material used as a lining. Under
these conditions [3, p. 129],

provided by electromagnetic coupling (QE,~ = QTS)'
The value of k.(Q) for typical vented-box system

drivers is in the range of 0.8-0.95.
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cienciesare 40-50% (2-3 dB) lower than the theoreti­
cal maximum given by Eq. (35) or Fig. 16. For most
systems, the driver parameters can be measured and the
reference efficiency calculated directly from Eq. (25).

The physical limitation imposed by Eq. (35) or Fig.
16.may he .overcome in a sense by the use of amplifier
assistance, i.e., networks which raise the gain of the
am~lifier in the cutoff region of the system [10], [20].
While the overall response of the complete system is
rhus extended, there is no change in the driver-en­
closure :fficiency in the cutoff region. The amplifier
must deliver more power, and the driver must dissipate
this power.
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Vented-Box Loudspeaker Systems
Part IV: Appendices

RICHARD H. SMALL

School of Electrical Engineering, The University of Sydney,
Sydney, N.S.W. 2006, Australia

The appendices present a method of ca1culating the system parameters required to
obtain a desired alignrnent defined by transfer-function polynomial coefficients in the
presence of enclosure losses together with diaphragm displacement data for that align­
ment, a derivation of the parameter-impedance relationships that permit parameter
evaluation from voice-coil impedance measurements, and a method of evaluating the
amounts of absorption, leakage, and vent losses present in a vented-box loudspeaker
system.

Editor's Note: Part 1 of Vented-Box Loudspeaker Systems
appeared in the June issue, Part II in July/August, and
Part III in September.

s4T 4

GH(s) = 0 • (57)
s4To4 + als 3To3 + a2s2To2 + a3sTO + 1

Study of the magnitude-versus-frequency behavior of
filter functions is facilitated by the use of the magnitude­
squared form

Using Eq. (58) it can be shown that the magnitude
response of GH is down 3 dB, i.e., 1GH [2 = 1h, at a
frequency f3 given by

(60)

(61)

(59)

Al = a1
2 - 2a2

A 2 = a22+2-2ala3
A 3 = a32 - 2a2·

f3/fo = d%

and d is the largest positive real root of the equation

where

where

GH(sTo) = GL(l/sTo). (56)

This leads to the general high-pass form of Eq. (20):

1
GL(s) = (55)

1 + alsTo+ a2s2To2+ a3s3To3+ s4To4

where To is the nominal filter time constant and the
coefficients al' a2' and a3 determine the actual filter
characteristic.

Tables of filter functions normally give only the de­
tails of a low-pass prototype function; the high-pass and
bandpass equivalents are obtained by suitable transforma­
tion. For the high-pass filter function GH(s), the trans­
formation (retaining the same nominal time constant) is

APPENDIX 1
FOURTH-ORDER FILTER FUNCTIONS AND
VENTED-BOX SYSTEM ALlGNMENT

General Expressions

The general form of a prototype low-pass fourth­
order filter function GL(s) normalized to unity in the
passband is
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Coefficients of Some Useful Responses

Butterworth Maxima"y Flat Amplitude
Response (B4)

This well-known response is characterized by [10], [18]

Because the direct relationships between B and the a
coefficients are very involved, the range of responses is
computed by taking successive values of a2 and then
computing al' a:l' A 3 , and B.

Bessel Maxima"y Flat Delay Response (BL4)

The normalized roots are given in [19]. They yield

al = (4+ 2"2P;" = 2.6131

a2 = 2 + "2 = 3.1412
a3 = al = 2.6131

Al = A 2 = A 3 = 0

al = 3.20108
a2 = 4.39155
a3 = 3.12394

13/10 = 1.5143

Al = 1.4638
A 2 = 1.2857
A 3 = 0.9759.

Other Possible Responses

Other fourth-order responses which can be obtained
with the vented-box system include transitional Butter­
worth-Thompson [18], transitional Butterworth-Cheby­
shev [30], Thiele interorder [31], and degenerated
Chebyshev [11].

The degenerated Chebyshev responses of the second
kind (DT2) described by Nomura [11] look particularly
appealing for cases where a smooth bass lift (similar to
an underdamped second-order response, but with a
steeper cutoff slopc) is desired. Nomura's design param­
eters are readily convertible into those of this paper.

Computation of Basic Alignment Data

(67)

Chebyshev Equal-Ripple (C4) and
"Sub-Chebyshev" (SC4) Responses

These responses are both described in [14]; the C4
responses are further described in [32]. The pole loca­
tions may be derived from those of the Butterworth
response by multiplying the real part of the Butterworth
pole by a factor k which is less than unity for the C4
responses and greater than unity for the SC4 responses.
The filter-function coefficients are then given by

The basic alignment data are obtained by using the
coefficient-parameter relationships given by Eqs. (21)­
(24). The steps are as follows.

1) For a given response and value of QL calculate

Cl = alQL
C2 = a3QL'

2) Find the positive real root r of

(68)

3) Then, using Eqs. 60-62 to obtain 13/10, the align­
ment parameters are

h = r 2

13/ls = h%(f3/10 )

a = a2h - h2 - 1 - (l/Qr}) (a 3h%QL -1)

QT = hQd(a3h~;"QL-l). (69)

For infinite QL the above expressions reduce to Thiele's
formulas:

1+k2(l+"2)

(63)

where

k 4 + 6k2 + 1
D=----­

8

For the C4 responses, the passband ripple is given by

dB ripple =
10 IOglO [1 + K4/ (64 + 28K + 80K2 + 16K3) ] (64 )

h = a3/al

Isiis = h%(f3/10 )

a = a2h - h2-1

QT = 1/(ala3) %. (70)

where

K = lIk2 - 1.

(73)

(72)
b l = l/h
b2 = l/(h%QL)'

The magnitude-squared form of this expression is

Computation of Displacement Maxima

Eq. (14) may be written in the generalized form

bls2T 02+ b2sT o+ 1
X(s) = (71)

s4T04 + als3To3 + a2s2To2+ a3sTO+ 1

where T0' al' a2' and a3 are given by Eqs, (21)-(24) or
by the alignment specification and

(66)

(65)

The other coefficients are given by

Al = A 2 = 0

a2 > 2+"2
al = (2a2) %

a3 = (a22+2)/(2al ) '

Quasi-Third-Order Butterworth Responses (QB3)

This class of response is described in [10] and [32].
In this paper, the response is varied as a function of the
parameter B given by
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Zyo(jw) =

(78)3
~.~.... 3u ;:;- w>

N ~a:
N

RE+RSM
rM

RE 1

j(WTS/QMS) (1 - w2TIJ2)

w4Tn2Ts2+ 1
+ w2 [(a + 1) Tn 2 + TS 2 ]

+ j(wTS/QMS) (1- w2Tn2)

This expression has minimum magnitude and zero phase
when the numerator of the second term is zero, i.e.,
when w = 1/T n- Thus for this case, the frequency lM of
Fig. 20 is equal to ln. The expression also has zero phase,
with maximum magnitude, when the real part of the
denominator of the second term is zero, i.e., for

Fig. 20. Voice-coil impedance magnitude of vented-box
loudspeaker system as a function of frequency.

where the Ai coefficients are given by Eq. (59) and

B 1 = b1
2

B 2 = b22 - 2b 1 • (74)

The value of 1 X(jw) 1 max 2 for any alignment is found
by differentiating Eq. (73), setting the result equal to
zero, solving for the value of w2T o2, and then replacing
this solution in Eq. (73) and evaluating the expression.
There are always at least three frequencies of zero slope
for Eq. (73): zero, near ln, and above ln. For the ex­
treme C4 alignments, there is a fourth frequency, below
ln. The first of these frequencies gives unity displace­
ment; the second is not of interest because it gives a
displacement minimum. The third frequency gives the
displacement needed to evaluate the displacement-limited
power capacity for bandwidth-limited drive conditions.
The procedure is as follows.

1) For a given alignment and value of QL' calculate

T S2+ (a+ 1)Tn2±\1 T S4+ (a+ 1 )2TIJ4+ (2a-2) T n2Ts2

2Tn2Ts2

(79)

Let the solution using the plus sign be wJ[2 and the
solution using the minus sign be WL 2• Then

wJ[2 + WL2 = wn2 + (a + 1) ws2 (80)

and

(WJ[2 - WL2)2 = wn4 + (a + 1)2 wS4 + (2a - 2) wn2ws2.

(81)

Combining Eqs. (80) and (81), it can be shown that

(W1l2 - wJ~2)2 = (wJ[2+ wJ~2)2 - 4wn2ws2 (82)

which simplifies to

or [10, eq. (105)]

(84)

(85)

(83)

(45)

(80), it is

a=

1112 + h 2 - In2
a = -1.

Is2

Alternatively, substituting Eq. (83) into Eq.
easily shown that [10, eq. (l 06)]

(l1l2 - In2) (ln2 - h 2)

11l2h2

a=

This expression factors into

(Ill + ln) (fll- ln) (lIJ + IL) (In - h)

Approximate Determination of Qn

From Fig. 3, Zyo will be resistive when the portion
of the circuit to the right of RES is resistive. The steady­
state impedance of this portion of the circuit is

Z' -R .(aTnQL)[-w2Tn/QL+jw(1-w2TB2)]

(Jw) - EL w4TB2Ts2+1-w2[(a+1)Tn2+Ts2]

+ jw(Tn/QL) (1 - w2Ts2) (86)

Illh
I s = - -

ln

where 1S = 1sn is the resonance frequency of the driver
for the particular air-Ioad mass presented by the en­
closure.

With Is known, a can be found by rearranging Eq.
(80) into

APPENDIX 2
PARAMETER-IMPEDANCE RELATIONSHIPS

B1G2+B2G+l
IX(jw) [max2 = . (77)

G4 + A 1G 3 + A 2G 2 + A 3G + 1

The same procedure is used to determine the fre­
quency of maximum displacement below ln for the ex­
treme C4 alignments by finding the smallest nonzero
positive real root in 2). The corresponding maximum
value of the displacement function magnitude is then
determined as in 3).

C4 = (l/2B]) (A 1B] + 3B2 )

C 3 = (l/B1 ) (A 1B2 + 2)
C2 = (1/2B]) (3A 1 + A 2B 2 - A 3B1 )

Cl = (1/B1 )(A 2 - B 1 )

Co = (1/2B d (A 3 - B 2). (75)

2) Find the largest positive real root G of

G5 + C 4G4 + C:p3 + C 2G2 + C 1G + Co = O. (76)

(The normalized frequency of maximum passband dis­
placement is then lx max/lo = G % ).

3) Calculate

Determination of 'SB and a.

For infinite QL' the steady-state form of Eq. (l6) be­
cornes
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APPENDIX 3
MEASUREMENT Of ENCLOSURE LOSSES

Measurement Principle

The resistive voice-coil impedance measured at lM'
defined as RE + R BM in Fig. 20, is thus made up of RE
plus the parallel combination of RES and REr-. Evaluat­
ing this resistance and using Eqs. (5), (7), (8), (la),
and (11), it can be shown that

(91)

(90)

H = IH/IM
L = IM/h
F = f.'If/(alsQEs),

Define:

Let the symbol P be used to define the ratio

P = (RES+RE)/RE•

Driver Loss Data

Enclosure Loss Calculation

Recause RES is in fact a function of frequency for real
drivers, so too is p. Typical1y the variation is of the order
of 2 to 4 dB per octave increase with increasing
frequency.

At the resonance frequency of the driver, P is the
ratio of the maximum voice-coil impedance to RE which
is defined as ro in [12]. The value of P for frequencies
down to h may be measured by weighting (mass load­
ing) the driver diaphragm and measuring the maximum
voice-coil impedance at resonance for a number of pro­
gressively lower frequencies as more and more mass is
added. A convenient non destructive method of weighting
is tostick modeling clay or plasticene to the diaphragm
near the voice coil.

Unfortunately, there is no comparable simple way to
reduce mass or add stiffness which will raise the driver
resonance frequency without affecting losses. For sim­
plicity, it is necessary to extrapolate the low-frequency
data upward to 1H' This is risky if III is more than an
octave above la but gives quite reasonable results for
many drivers.

Under laboratory conditions, it is possible to fabricate
a low-mass driver which is "norrnally" operated with a
fixed value of added mass. This mass is selected so that
the unloaded driver resonance occurs at a frequency
equal to or greater th an the value of 1H for the loaded
driver in a particular enclosure. In this case the value
of P can be accurately determined for the entire re­
quired frequency range by adding and removing mass.

Measure and plot (extrapolating if necessary) the
value of P over the frequency range h to III' Find the
values at h" t». and IH and designate these PL, PM'

and PH'

These measurements should be carried out at the same
time and under the same conditions as those for the
system loss data above. The signal level should be the
same and should be within smali-signal limits at ail times.

System Loss Data

From the system impedance curve, Fig. 20, find the
three frequencies IL' lM, and IH' and the ratio of the
corresponding maximum or minimum impedance to RE'
designated ï t» rill, and ï n-

Using the methods of Section 7 (Part Il) or [32], de­
termine the system compliance ratio a. Measure inde­
pendently the driver resonance frequency Is and the
corresponding value of QES as described in [12] or [32].
The driver mounting conditions for the latter measure­
ments do not matter, because the product 1SQES which
will be used is independent of the air-load mass present.

by a combination of the three fixed resistances RAB'
R A L , and R A P of Fig. 1.

(89)

(49)

(88)

h [1 1]
Qr- =:- QES(rM - l ) - Q1IfS

where rM is (RE + RBM)/RE as defined in Eq. (48) and
Fig. 20. In many cases the 11QMS term can safely be
neglected.

Now, if the two ratios in Eq. (87) are equal at 6)M'
the second must give the same value as the first. This
requires that

In this method of measurement the system driver is
used as a coupling transducer between the enclosure
impedances and the electrical rneasuring equipment. The
driver losses are subtracted from the total measured
losses to obtain the enclosure losses, Greatest accuracy
is therefore obtained where the driver mechanical losses
are small and stable.

The method assumes that RE remains constant with
frequency (i.e., voice-coil inductance losses are negli­
gible), that the individual enclosure circuit losses cor­
respond to Q values of about 5 or more (so that Q2
>> 1), and that any variation with frequency of the
actual losses present can still be represented effectively

which may be rearranged to give Eq. (50). The approxi­
mation made earlier in Eq. (88) seems justified by Eq.
(50) for QB values as low as 5, because the difference
between lM and h is then at most a few percent. For
lower values of QH (which are unusual), substantial in­
accuracy must be expected. Inaccuracy can also be con­
tributed by a significant voice-coil inductance (see [32]).

- 6)2TB/Qr-
REL(aTBQr-)---------------­

6)4Tn2TS2+ 1 - 6)2 [ (a + 1) T B2+ T S2]

1-6)2TB2
=REr-(aTBQr-) (T

B/QJJ(I-6)2Ti)
(87)

Setting the real and imaginary ratios equal in the
normal way leads to a very complex set of solutions for
the exact frequencies of zero phase. However, it can be
seen that the first ratio varies relatively slowly with fre­
quency near 6)B (as indeed does !Zvc(j6» \) and hence
can be expected to have about the same magnitude at
the frequency of zero phase 6)M very near to 6)B as it has
at 6)B' This gives

At a frequency of zero phase, the magnitude of Z(j6»
may be evaluated by taking the ratio of either the real
or the imaginary parts of the numerator and denominator,
because these ratios must be equaI. T'hat is, for zero
phase,

342 JOURNAL OF THE AUDIO ENGINEERING SOCIETY



Calculate:

REFERENCES

[8] L. Keibs, "The Physica1 Conditions for Optimum
Bass Reflex Cabinets," J. Audio Eng. Soc., vol. 8, p. 258
(Oct. 1960).

[9] E. de Boer, "Synthesis of Bass-Reflex Loudspeaker
Enclosures," Acustica, vol. 11, p. 1 (1961).

[10] A. N. Thiele, "Loudspeakers in Vented Boxes,"
Proc. IREE (Australie), vol. 22, p. 487 (Aug. 1961); re­
published in J. Audio Eng. Soc., vol. 19, p. 382 (May
1971), and p. 471 (June 1971).

[11] Y. Nomma, "An Analysis of Design Conditions of
a Bass-Reflex Loudspeaker Enclosure for Flat Response,"
Electron. Commun. Lapan, vol. 52-A, no. 10, p. 1 (1969).

[12] R. H. Small, "Direct-Radiator Loudspeaker Sys­
tem Analysis," IEEE Trans. Audio Electroacoust., vol.
AU-19, p. 269 (Dec. 1971); republished in J. Audio Eng.
Soc., vol. 20, p. 383 (June 1972).

[13] D. E. L. Shorter, "Loudspeaker Cabinet Design,"
Wireless World, vol. 56, p. 382 (Nov. 1950), p. 436 (Dec.
1950) .

[14] A. N. Thiele, "Filters with Variable Cut-off Fre­
quencies," Proc. IREE (Australia), vol. 26, p. 284 (Sept.
1965).

[15] J. R. Ashley and M. D. Swan, "Improved Mea­
surement of Loudspeaker Driver Parameters," presented
at the 40th Convention of the Audio Engineering Society,
Los Angeles (Apr. 1971), Preprint 803.

[16] B. C. Reith, "Bass-Reflex Enclosures," Wireless
World (Letter), vol. 73, p. 38 (Jan. 1967).

[17] J. F. Novak, "Designing a Ducted-Port Bass-Re­
flex Enclosure," Electron. World, vol. 75, p. 25 (Jan.
1966).

[18] L. Weinberg, Network Analysis and Synthesis
(McGraw-Hill, New York, 1962), ch. 11.

[19] R. M. Golden and J. F. Kaiser, "Root and Delay
Parameters for Normalized Bessel and Butterworth Low­
Pass Transfer Functions," IEEE Trans. Audio Electro­
acoust., vol. AU-19, p. 64 (Mar. 1971).

[20] A. N. Thiele, "Equalisers for Loudspeakers," pre­
sented at the 12th National Convention of the IREE
(Australia), (May 1969).

[21] P. W. Klipsch, "Modulation Distortion in Loud­
speakers," J. Audio Eng. Soc., vol. 17, p. 194 (Apr.
1969), and vol. 18, p. 29 (Feb. 1970).

[22] R. H. Small, "Closed-Box Loudspeaker Systems,"
J. Audio Eng. Soc., vol. 20, p. 798 (Dec. 1972), and vol.
21, p. 11 (Jan./Feb. 1973).

[23] H. F. OIson, J. Preston, and E. G. May, "Recent
Developments in Direct-Radiator High-Fidelity Loud­
speakers," J. Audio Eng. Soc., vol. 2, p. 219 (Oct. 1954).

[24] E. de Boer, "Theory of Motional Feedback," IRE
Trans. Audio, vol. AU-9, p. 15 (Jan./Feb. 1961).

[25] H. W. Holdaway, "Design of Velocity-Feedback
Transducer Systems for Stable Low-Frequency Behavior,"
IEEE Trans. Audio, vol. AU-Il, p. 155 (Sept.lOct.
1963) .

[26] R. H. Small, "Simplified Loudspeaker Measure­
ments at Low Frequencies," Proc. IREE (Australia), vol.
32, p. 299 (Aug. 1971); republished in J. Audio Eng.
Soc., vol. 20, p. 28 (Jan./Feb. 1972).

[27] J. L. Grauer, "Acoustic Resistance Damping for
Loudspeakers," Audio, vol. 49, p. 22 (Mar. 1965).

[28] W. Steiger, "Transistor Power Amplifiers with
Negative Output Impedance," IRE Trans. Audio, vol. AU­
8, p. 195 (Nov./Dec. 1960).

[29] R. F. AIlison and R. Berkovitz, "The Sound Field
in Home Listening Rooms," J. Audio Eng. Soc., vol. 20,
p. 459 (July/Aug. 1972).

[30] A. Budak and P. Aronhime, "Transitional Butter­
worth-Chebyshev Filters," IEEE Trans. Circuit Theory
(Correspondence), vol. CT-18, p. 413 (May 1971).

[31] A. N. Thiele, "Response Shapes for Simplified
Active Filters," Proc. IREE (Australia), to be published.

[32] J. E. Benson, "Theory and Design of Loudspeaker
Enclosures, Part 3-Introduction to Synthesis of Vented
Systems," A.W.A. Tech. Rev., vol. 14, p. 369 (Nov.
1972).

[33] D. B. Keele, "Sensitivity of Thiele's Vented Loud­
speaker Enclosure Alignments to Parameter Variations,"
J. Audio Eng. Soc., vol. 21, p. 246 (May 1973).

(96)

(95)

QI, = j),/NL
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CL = Fk L (L 2 - 1) ( 1- :2)
C,1! = (FkM) - 1

CH = Fk/l(H2 -1) ( 1 - ~2 ) (93)

1 1
kL = - - - - - - ­

ti, -1 PL-1

1 1
kM = - - - - - - ­

rM -1 PM-1

1 1
kH = ----- (92)

rH-l PH-1
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Using thesame data, the total enclosure loss QB at the
frequency lI! is

The approximate formula for QB = QI, given in Eq.
(49) differs from Eq. (96) only in that RES is assumed
constant, i.e., that PM = ro. However, because PM is sel­
dom very different from ro, and particularly because
rM - 1 is usually much less than PM - 1, Eq. (49) pro­
vides an adequately ace urate measurement of total losses
for normal evaluation purposes.
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