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The low-frequency performance of a vented-box loudspeaker system is directly related ta a small number of easily measured system parameters. This system is a fourtharder (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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Resonance frequency of vented enclosure
Frequency of upper voice-coil impedance peak
Frequency of lower voice-coil impedance peak
Frequency of minimum voice-coil impedance between Ir. and lu
Resonance frequency of driver
Resonance frequency of driver mounted in enclosure
Half-power (- 3 dB) frequency of loudspeaker
system response
Response function
System tuning ratio, = lu/fs
Power rating constant
Efficiency constant
Displacement-limited acoustic power rating
Displaccrnent-limited electrical power rating
Thermally limited maximum input power
Enclosure Q at IIi resulting from absorption
lasses
Total enclosure Q at i u resulting from ail enclosure and vent losses
Enclosure Q at lu resulting from leakage losses
Enclosure Q at III resulting from vent frictional
losses

Q1IS

Xmax

X(s)
a
"10

Driver Q at I s considering electrical resistance
RE only
Driver Q at 1S considering driver nonelectrical
losses only
Total driver Q at I s resulting from aIl driver resistances
Total driver Q at 1s resulting from ail system resistances
De resistance of driver voice coil
Volume of air having same acoustic compliance
as driver suspension
Net intcrnal volume of enclosure
Peak displacement volume of driver diaphragm
Peak Iinear displacement of driver diaphragm
Displacernent function
System compliance ratio, = VAS/VIi
Reference efficiency.

1. INTRODUCTION
Historical Background
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 radiation, presents several possible methods of construction,
and includes a polynomial expression for the frequencydependent behavior.
In 1952 Locanthi [2] provided the first means of calculating the exact magnitude of diaphragrn-vent interaction and introduced the use of electrical analog networks to study the performance of vented-box systems.
In 1954 Beranek [3, ch. 8] derived a polynomial expression 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 analysis and design of the vented-box system was published
by van Leeuwen in 1956 [4]. This paper examines diaphragm-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 impedance. Also, he presented system design methods for
obtaining a response characteristic of the equal-ripple
(Chebyshev) type and iIIustrated the use of analog circuits to study the voice-coil impedance and the steadystate 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 provided a simplified transfer function, methods for determining 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 ventedbox 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 procedure outlined by de Boer in his introduction. Thiele's
paper provides a mu ch wider range of "optimum" responses 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 impedance. Il is probably fair to say that Thiele's paper
was the first to provide an essentially complete, comprehensive, and practical understanding of vented-box systems 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, "degenerated" Chebyshev, and Butterworth responses which inelude the effects of absorption losses in the enclosure.
A very recent paper by Benson [32] contains the most
complete sm ali-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 improved understanding or techniques developed by Benson 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 enclosure 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 inward 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 follows the organization of [12] which is in fact a generalized description of Thiele's methods. The principal extensions to Thiele's work include treatment of efficiencyresponse relationships and large-signal behavior, evaluation 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 considered 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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domain performance. It is particularly useful in investigating the effects of losses, component tolerances, system misalignment, etc., on response, diaphragm excursion, 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 relationships impose definite quantitative limitations on
both small-signal and large-signal performance of ventedbox systems and indicate the extent to which the important 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 performance 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.

2. BASIC ANALYSIS
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 element. In Fig. 1, the symbols are defined as follows:

B

1

R AL

MA P
RAP
Un

Up
UL
Uu
Uo

Open-circuit output voltage of source or amplifier
Magnetic flux density in driver air gap
Length of voice-coil conductor in magnetic field
of air gap
Effective projected surface area of driver diaphragm
Output resistance of source or amplifier
De resistance of driver voice coil
Acoustic compliance of driver suspension
Acoustic mass of driver diaphragm assembly including 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 velo city of port or vent
Volume velocity of enclosure leakage
Volume velocity entering enclosure
Total volume velocity leaving enclosure boundaries.

This circuit may be simplified to that of Fig. 2 by
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Fig. 1. Acoustical analogous circuit of vented-box loudspeaker system.
combining the series resistances in the driver branch to
form a single acoustic resistance R.4 T , where
R

AT

=R

B 212

+(R+R)S2
---AS
o

E

(1)

J)

and by defining
egBI

p =-----

g

(Rg+RE)Sn

(2)

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 system is formed by taking the dual of Fig. 1 and converting
aIl Impedance e1ements to their electrical equivalents by
the relationship
(3)

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

CM E B
LeES
RES

Le E R
REL
CM E P

Corresponds
Corresponds
Corresponds
Corresponds
Corresponds
Corresponds

to driver mass MAS
to driver suspension compliance C.4 B
to driver suspension resistance RAB
to enclosure compliance C 1 R
to enclosure leakage resistance R A L
to vent mass M AP'

The circuits presented above are valid only for frequencies 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 inductance and the resistance of the radiation load are
neglected. The effect of external acoustic interaction hetween 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 numJOURNAL OF THE AUDIO ENGINEERING SOCIETY

where s = cr + j", is the complex frequency variable, the
diaphragm displacement function

Up

s2T B2 + sTB/QL + 1

=------_

X(s)

(14)

D(s)

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

ka;

=

1

(15)

and the voice-coil impedance function
ZvcCs)

=

Fig. 2. Simplified acoustical analogous circuit of ventedbox loudspeaker system.
ber of component and system parameters. For the enclosure, these are
Y B2 = 1/"'B 2
QL

=

=

C,4BM AP

"'BCABR AL

=

=

CMEPLcEB

1/("'BCMEpREL)'

(4)
(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

= CAsM AS =

Cj1'lESLCES

= "'SC"lfESRES = 1/("'sCAsRAs)
QES = "'sCJ[ESR E = "'sR EM.4SSD2/(B2/2)
QMS

VAS

=

POC

2C AS '

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

3. ENCLOSURE 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 f B'
considering each loss one at a time. Thus for the leakage
losses,

(6)

(5)

(7)

(8)
(9)

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
(10)

the system tuning ratio h, given by

for the absorption losses,
(17)

QA = 1/("'BCAlIR AB)

and for the vent losses
(18)
The total Q of the enclosure-vent circuit at f B is then
defined as QB' where
I/QB

=

I/Qr,

+ I/QA + I/Qp.

(19)

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.

and the total Q of the driver connected to the source QT'
given by
(12)

Following the method of [12], analysis of the circuits
of Figs. 2 and 3 and substitution of the parameters defined above yields the system response function
G(s)

=

s4yB2Yi

+ s3(T1I2YS/QT + y BTS 2/QL)

+ S2[ (a + 1) y B2 + y BTs/QLQT + T S2]
+ s(TB/QL + TS/QT) + 1

Ul
UJ

0::

Ul
UJ
~
U

Ul
UJ
U

...J

a..
UJ
~
U

(13)
Fig. 3. Simplified electrical equivalent circuit of vented-box
loudspeaker system.
319

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" enclosure 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 assumption 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 viscosity 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 particle 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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seals and/or by leakage of air through a porous dust cap
and past the voice coil, However, the few systems having 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 invaluable aid in reaching and supporting this conclusion
and also in establishing the practical meaning and usefulness of the total-Ioss measurement. First, it bas shown
that vent losses whieh increase with frequency and absorption 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.

o

LOSSLESS B4

IGCjw)1.
dB

-10

.3

123

wTO

5

7 10

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

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
JOURNAL OF THE AUDIO ENGINEERING SOCIETY
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IGCjw)\ k=0.5
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.25

1
wT

O

2

4

(84)

Fig. 5. Normalized response curves for B4 and selected C4
and QB3 alignments of vented-box loudspeaker system.
octave cutoff ) high-pass filter function which may be expressed in the general form
G(s)

=

s4T04
s4T 04

+

a l s3 T 0 3

+ a 2s2T 02 + a 3 sT o + 1

(20)

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
T o = (TBTs)Y, = Ts/hY,

(21)

QI,+hQT
al = - - - hY,QI,QT

(22)

h+(a+l+h 2)QLQT

Both the C4 and QB3 alignments provide a wide range
of realizable response characteristics with gradually
changing properties. Also, both as a limiting case coincide with the unique B4 alignment, so a completely continuous 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 alignment, T 0' al' a2' and G3' are related to five independent
system variables (or parameters), T s' 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.

.3

,

=

hQr,+QT
hY,QI,QT
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f
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~
h

(23)
1

hQI,QT
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.5
l

.3

.5.7

2 3
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(24)
Fig. 6. Alignment chart for lossless vented-box systems.

Frequency Response
Alignment
The frequency response IG(jw) 1 of Eq. (20) is examined 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 Chebyshev 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-Chebyshev 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 example 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 ventedbox 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 independent 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 corresponds to a specifie alignment and requires specifie
values of the other system parameters to obtain the correct 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 B4aligned vented-box system for misalignment of QT (from
simulator) .

. Fig. 8. Variations in frequency response of lossless B4aligned vented-box system for misalignment of h (from simulator) .

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 system 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 proportion al 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 majority of woofers provide [15, Table 13] and that a historical emphasis on unity tuning ratio regardless of cornpliance ratio often results in erroneously high tuning.

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, respectively. These values are representative of real enclosures, for which the most commonly measured values
of QB are in the range of 5-10.

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 calculated as described in Appendix 1. Compared to lossless alignments, a particular response characteristic gen-
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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 inelude 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 ringing. If transient response is considered important, then
it would appear that the QB3 alignments are ta be preferred over the B4 and C4 alignments. The SC4 alignments (Appendix 1) provide a further improvement in
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Fig. 9. Alignment chart for vented-box systems with
QB= QL=20.
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Fig. 10. Alignment chart for vented-box systems with
Q.

= QL= 10.
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the enclosure. Thus if the driver parameters are measured under or adjusted to correspond to this condition,
the system reference efficiency 710 is [12, eq. (32)]
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For SI units, the value of 41T 2/CS is 9.64 X 10- 7 •

Efficiency Factors
Eq. (25) may be written
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Fig. 11. Alignment chart for vented-box systems with

=
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QES

cS
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41T IsS VAS
= _._--.

710

= 7.

= k"/ss V B

(26)

where 13 is the cutoff (half-power or - 3 dB) frequency of the system, V B is the net internal volume of the
system enclosure, and kT} is an efficiency constant given
by

transient response but have a less attractive frequency
response,

2

3

41T
VAS Is
1
= _.
__
._._-

k;

la3

V JI

CS

(27)

QES

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].

r---...

QT

Reference Efficiency
The piston-range reference efficiency of a ventedbox 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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Fig. 13. Alignment chart for vented-box systems with
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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,
n( "';'0)

where

=

QT/QES
41T2 VAS

(29)

Isa

(30)

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

h

(31)

Eq. (29) then reduces to
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Fig. 12. Alignment chart for vented-box systems with

QB = QL
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General Response Realization
Any physically realizable minimum-phase fourth-order 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 system alignment parameters which will produce the specified response.

.7
i

1

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
323

C4
k=0.33

o

KEI8S
0

C4
k=0.5

Q83
8=3

o

0

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

1

Taking the maximum theoretieal values of

84

and
that
could be obtained from a lossless vented-box system for
specified values of 13 and V Bis, from Eqs. (26) and

SC4
k=3.6

o

k. iG ) , the maximum reference efficiency

o

k.(Q)

'lJO(max)

(28) ,

o

'lJO(max)

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

=

3.9 X 10- 6 / 3 3 V B

(35)

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

--n---.r-'-~--"'--------,

16

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

= V B / POC2

(33)

and, using Eqs. (9) and (l0), Eq. (30) can be written in
terms of the system parameters as
47T 2

k.(G)

a

=~. QT(f3/f s ) 3 '

----'~___J;,--+-*_-1-I-_\l_----__l8

. --\--I-+--+-'\-~---*+-1I ~ - - - 1 4
o

~'--~~+----+--+'~-+--+""'~
~

V8 •

2

-~~.---~-~+-~+--'\-1-~.,.J\\

oS'

+

(34)

ft3

n---+4.t-+-11

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
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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. Relationship between cutoff frequency, enclosure
volume, and maximum reference efficiency for vented-box
loudspeaker system.
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Fig. 16 represents the physicalefficiency-cutoff frequency-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 volume must have a cutoff frequency higher than that indicated 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 efficiency for a given value of QL' Typical practical effiJOURNAL OF THE AUDIO ENQINEERING SOCIETY

cienciesare 40-50% (2-3 dB) lower than the theoretical 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-enclosure :fficiency in the cutoff region. The amplifier
must deliver more power, and the driver must dissipate
this power.
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