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Vented-Box Loudspeaker Systems
Part I: Small-Signal Analysis

RICHARD H. SMALL

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

The low-frequency performance of a vented-box loudspeaker system is directly re-
lated to a small number of easily measured system parameters. This system is a fourth-
order (24-dB per octave cutoff) high-pass filter which can be adjusted to have a wide
variety of response characteristics. Enclosure losses 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 shown to be gquantitatively
related to system frequency response, internal losses, and enclosure size.

LIST OF IMPORTANT SYMBOLS

I
fu
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f M

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 be-
tween f; and f;;

Resonance frequency of driver

Resonance frequency of driver mounted in en-
closure

Half-power (—3 dB) frequency of loudspeaker
system response

Response function

System tuning ratio, = f,,/f

Power rating constant

Efficiency constant

Displacement-limited acoustic power rating

Displacement-limited electrical power rating

Thermally limited maximum input power

Enclosure Q at f, resulting from absorption
losses

Total enclosure Q at f, resulting from all en-
closure and vent losses

Enclosure Q at f), resulting from leakage losses

Enclosure Q at f, resulting from vent frictional
losses

Crs
Qus

Org

Driver Q at fg considering electrical resistance
Ry only

Driver Q at fg considering driver nonelectrical
losses only

Total driver Q at fg resulting from all driver re-
sistances

Total driver Q at fg resulting from all system re-
sistances

Dc resistance of driver voice coil

Volume of air having same acoustic compliance
as driver suspension

Net internal volume of enclosure

Peak displacement volume of driver diaphragm

Peak linear displacement of driver diaphragm

Displacement function

System compliance ratio, = V 4/ Vp

Reference efficiency.

1. INTRODUCTION
Historical Background

The concept of the vented loudspeaker enclosure was
introduced by Thuras in a U.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 diaphragm-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 illustrated 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 measurements, and a clear indication of the
amount of driver damping required for flat response.

A year later, Keibs [8] published a penetrating analysis
which provided specific quantitative design criteria for
the conditions of maximally flat 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-language 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 provide a 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 practical
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 much 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. It 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 level.

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-
clude the effects of absorption losses in the enclosure.

A very recent paper by Benson [32] contains the most
complete small-signal treatment of vented-box systems
yet available and covers several 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 indicate areas 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 [12].

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
that of Nomura [11] because the absorption losses con-
sidered by Nomura are found to contribute only a portion
of the losses present in practical enclosures.

Some of the analytical results presented in this paper
are either obtained or illustrated 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 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 be required using normal
computational methods.

The analytical relationships 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.

In Parts I 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.

In Part III these relationships 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.

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. 2] by short-circuiting the port compliance ele-
ment. In Fig. 1, the symbols are defined as follows:

e, Open-circuit output voltage of source or ampli-
fier

B Magnetic flux density in driver air gap

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

Sp Effective projected surface area of driver dia-
phragm

R, Output resistance of source or amplifier

Ry Dc resistance of driver voice coil

Cag Acoustic compliance of driver suspension

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

R,y Acoustic resistance of driver suspension losses

Cup Acoustic compliance of air in enclosure

R,p Acoustic resistance of enclosure losses caused by
internal energy absorption

R,;, Acoustic resistance of enclosure losses caused by
leakage

M,p  Acoustic mass of port or vent including air load

Ryp Acoustic resistance of port or vent losses

Up Volume velocity of driver diaphragm

Up Volume velocity of port or vent

U, Volume velocity of enclosure leakage

Uy, Volume velocity entering enclosure

U, Total volume velocity leaving enclosure bounda-

ries.

This circuit may be simplified to that of Fig. 2 by
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Fig. 1. Acoustical analogous circuit of vented-box loud-
speaker system.

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

B2j2
o e R Ry s, M
and by defining
e,Bl
" R RS, @

as the value of the Thevenin acoustic pressure generator
at the left of the circuit. Finally, R, and R,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,;.

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

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

Zy = B*P/(Z,Sp?) (3)

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

Cygg Corresponds to driver mass M, g4
L¢gg Corresponds to driver suspension compliance C, g
Rgpy Corresponds to driver suspension resistance R,g
Legg Corresponds to enclosure compliance C4p
Ry, Corresponds to enclosure leakage resistance R,
Cygrp Corresponds to vent mass M ,p.

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 be-
tween driver diaphragm and vent [2], [6] has also been
neglected. The reasons for this are given later in the
paper.

The analysi$ of the system and the interpretation of
its describing functions are simplified by defining a num-
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Fig. 2. Simplified acoustical analogous circuit of vented-
box loudspeaker system.

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

Tp? = 1/wp® = CyyM p = CyppLegp 4)
Or = wgCypRur = 1/(0pCyrpReL). (5)

From Figs. 2 and 3 it can be seen that wp = 2xfg is the
resonance frequency of the enclosure—vent circuit, and
that @, represents the Q of this resonant circuit at wp
resulting from the leakage losses.

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

T = 1/wg? = CysM 45 = CynsLeng (6)
Ons = 0gCypsRpg = 1/(0gC 5R 45) (7)
Ops = 0sCypsRp = wgRpM 48,2/ (B2I2) 8

Vg = poc®Clg. 9
In Eq. (9) p, is the density of air (1.18 kg/m3) and ¢
is the velocity of sound in air (345 m/s). In this paper
it is assumed that the values of the first three parameters
apply to the driver when the diaphragm air-load 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

a = C44/Cup = Leps/Legs (10)
the system tuning ratio A, given by
h = fp/fs = wp/og = Tg/Tg 11)

and the total Q of the driver connected to the source Q,
given by

Or = 1/(wgCasRur).

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

(12)

s4T 2T 2
G(s) = (13)
s TR2T g + s(Tp2Tg/Qr + TT%/Q1)
+S2[(a+ 1)T32 + TBTS/QLQT+ TS2]

+s5(Tp/Qr+ Tg/Qr) +1

where s = o + ju is the complex frequency variable, the
diaphragm displacement function

s2Tp2+5Tp/Q; + 1
D(s)

X(s) =

(14)

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

k,=1 (15)
and the voice-coil impedance function
Zye(s) =
Ry + Ry $(Ty/Qus) (s°Tg* +sTp/Qr, +1) (16)

D’(s)

where D’(s) is the denominator of Eq. (13) but with
Q7 wherever it appears replaced by Q.

3. ENCLOSURE LOSSES

In any vented-box loudspeaker system, three kinds of
enclosure losses are present: absorption losses, leakage
losses, and vent losses. These losses correpond to the
resistances R,p, Ry, and R, in Fig. 1. The magnitude
of each of these losses may be established by defining a
value of Q for the enclosure-vent resonant circuit at fp,

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

Or = wpC Ry, (5)

for the absorption losses,

Q4 = 1/(0pCarRyp) a7n
and for the vent losses
Op = 1/(w3C45R4p). (18)

The total Q of the enclosure—vent circuit at f5 is then
defined as Qp, where

1/0p = 1/0;,+1/0,+1/0p.

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

(19)
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Fig. 3. Simplified electrical equivalent circuit of vented-box
loudspeaker system.
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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 I] are shown
in Fig. 4 for Q values of 5. As indicated by Thiele [10,
eq. (90)], the maximum response loss occurs at fp and
to a very close approximation depends only on Qp and
not on the actual nature of the loss or losses present.
Above f; absorption losses have the greatest effect and
vent losses the least effect on response, while below fp
the relative effects are reversed. The effect of leakage
losses is intermediate both above and below fz. 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 Qj 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
Qp, and Nomura’s paper [11] is based on the assump-
tion that these losses are dominant. Van Leeuwen found
that neither lining nor bracing of the enclosure affected
his loss measurements [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 than 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
small, giving Q, 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 Q, to a range of 30-80.
Very thick linings or damping partitions reduce Q, even
further.

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

The last result is surprising, because the enclosures
tested were well built and appeared to be quite leak-free.
In fact, some of the more serious leaks were traced to
the drivers. These leaks were caused by imperfect gasket

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 has 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-loss measurement. First, it has shown
that vent losses which increase with frequency and ab-
sorption losses which decrease with frequency 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
Q4, Qr, and Qp as defined.

oL LOSSLESS B4
leqGwl, | Q=5
dB Q=5
_10....
1 L1 1 i1l | 1 1 L1 11
3 85 7 1 2 3 5 7 10

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

Finally, and not surprisingly in view of Fig. 4, it has
shown that approximately equal values of Q, 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 Q;.

The above findings lead to the conclusion that even
where actual leakage is not dominant, the enclosure
losses present in a normal vented-box system may be
adequately approximated, for purposes of evaluation or
design, by a single frequency-invariant leakage resistance.
The value of this equivalent leakage resistance is such
that the corresponding value of Qj, is equal to the total
Op 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 functions 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
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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 ex-
pressed in the general form

54T o

G(s) =
5T ot + a53T 3 + aps2Ty? + assTy + 1

(20)

where T, is the nominal filter time constant and a;, as,
ay are coefficients which determine the behavior of the
filter response.l

The behavior of Eq. (13) may be assessed by studying
Eq. (20) and then using the relationships which make
the corresponding terms of the two expressions identical.
Using Eq. (11), these are

To = (TpTy)* = Ty/h% (21)
h

ay = O+ hQr (22)
h% 0,07
h+(a+ 1+ A2

a = ( Y0rQr (23)

hQLQr

h

a; = _QLE' (24)
h7%QQr

Frequency Response
Alignment

The frequency response |G (jo)| of Eq. (20) is ex-
amined in Appendix 1. Coefficient data are given for a
variety of useful response characteristics which may be
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 flat 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 filter function follows the ex-
ample of Thiele [10]. 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].

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 illustrated in 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
clarity. 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 Egqs. (21-24) reveals that the four
mathematical variables needed to specify a given align-
ment, Ty, a;, ds, and a;, are related to five independent
system variables (or parameters), Tg, A, o, Q;, and Qp.
This means that specification of a particular alignment
does not correspond to a unique set of system parameters
but may be 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.

35 7 1ok LOSSLESS
, B—01 23 §7
06 : 3
. NIRERELEZD 2 e
T 1 F
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T N AU .
i T 1
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0.2t T T rq\ 1
| i
3 571 23 5710 °

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

A basic understanding of the behavior of the vented-
box system is quickly obtained if the enclosure losses are
ignored, i.e., Qy is taken to be infinite. In this case, Egs.
(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 « 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 specific alignment and requires specific
values of the other system parameters to obtain the cor-
rect response. Thus the figure gives the values of Qp
and the tuning ratio A = fp/fy required for each value
of a, as well as the normalized cutoff frequency fs/fg at
which the response is 3 dB down from its high-frequency
asymptotic value.

Misalignment

The effect of an incorrectly adjusted parameter on the

321



+5}
0.—
I6Gwy,

dB
-10}

Fig. 7. Variations in frequency response of lossless B4-
aligned vented-box system for misalignment of Qr (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 sys-
tem aligned for a B4 response by changes in the value
of QOp of *=20%, —50%, and +100%. This agrees
exactly with [10, eqs. (42) and (43)] which indicate
that the response at the frequencies f;, and f; of the
voice-coil impedance peaks is directly proportional to
Qr, while the response at f; is independent of Q. Fig.
8 shows the variations produced in the same alignment
by mistuning (changing the value of #) 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 Qp required are much lower than the majori-
ty of woofers provide [15, Table 13] and that a his-
torical emphasis on unity tuning ratio regardless of com-

- pliance ratio often results in erroneously high tuning.
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Alignment with Enclosure Losses

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

5.7, 1k W=20
o5 B—01 2 3 5 7
) 3
or \QT f3/fglpy f_3'
0.4 T A s
. ~CT R
h
0.2 mEs — P
3 571 23 5710 °
[+ &

Fig. 9. Alignment chart for vented-box systems with
Qr=QL=20

+5

[GGw)],
dB

-10

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

erally requires a larger value of Q, 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
losses corresponding to a Q, 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 Qg are in the range of 5-10.

Transient Response

Keibs [8], [16] offered alignment solutions for
what he considered to be 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-
clude the alignment recommended by Keibs.

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

5.7 1k W7
B—01 23 5 7
0.6— 3
Qr faffsif | fa
Qr N A zfs
0.4 - -
h [11lh h
PN
0.2 - -
=1
O—3"®571 23 5710 °
o

Fig. 10. Alignment chart for vented-box systems with
Qs = Q1= 10.
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Fig. 11. Alignment chart for vented-box systems with

Qp=0.=

transient response but have a less attractive frequency
response.

Phase and Delay Response

Weinberg [18] shows how the conditions of maximal
flatness or equal-ripple behavior 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 filter are 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 be processed into sys-
tem alignment parameters which will produce the spec-
ified response.

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 imposed by

L5, 7, 31—k U™

 B—01 23 57
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N h
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0.2 1 St 1
023 571 23 5710°
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Fig. 12. Alignment chart for vented-box systems with
QB:QL=

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

For SI units, the value of 4x2/c3 is 9.64 X 10-7,
Efficiency Factors
Eq. (25) may be written
no =k, 13 Vp (26)

where f; is the cutoff (half-power or —3 dB) frequen-
cy of the system, ¥V is the net internal volume of the

system enclosure, and ky is an efficiency constant given
by

CAn? Ve f@ 1

— e —— . 27)
! c3 Ve £ Qs
L7 =k AT
B—0 1 2 3 5 7
0.6 3
Q ~\ QT fa/fs // -f-g'
T \"~\ /1 ’ A fs
04 s 2 i 2
N
/Qﬁ\ h
0.2 ] moSHAR
=23 571 23 571°
oL
Fig. 13. Alignment chart for vented-box systems with

0z =0

L=

The efficiency constant k, may be separated into two
factors, k,q, related to driver losses and &, ¢, related to
the response characteristic and enclosure losses. Thus,

ky = kygy kncen (25}
where
kyoy = Qr/Qns (29)
4n2 V 31
kg, = Vs I 1 (30)
5 Vg 12 Qr

Driver Loss Factor

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

Opg = 2E8Qus 31)
QES+QMS
Eq. (29) then reduces to
kygy = Qrg/Crs = 1 — Qry/Qus- 32y

This expression has a maximum value of unity which
is approached only when mechanical driver losses are
negligible (Qyy infinite) and all required damping is
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Fig. 14. Normalized step response of vented-box loud-

speaker system (from simulator).

provided by electromagnetic coupling (Qzy = Qrg)-
The value of k,,, for typical vented-box system
drivers is in the range of 0.8-0.95.

System Response Factor

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

Car = Vi/poc? (33)

and, using Eqgs. (9) and (10), Eq. (30) can be written in
terms of the system parameters as
k _ 4772 a

=S

e 0p(fa/fs)?

The relationships between o, Qp, and f3/fg for the

C4-B4-QB3 alignments have already been calculated

and plotted in Figs. 6 and 9-13. Thus the value of

k, o, for any of these alignments can also be calculated.

(34)

--Fig. 15 is a plot of the value of k,¢, as a function of

324

a for several values of Q. 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.

of the B4 alignment is indicated on each curve by a
short vertical bar.

It is clear that enclosure losses significantly reduce
the value of k,, for a correctly aligned system. The
maximum possible value of k,q, is 3.9 X 10—6 and
occurs when the enclosure losses are negligible and the
system compliance 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 theoretical values of k,, and
k@, the maximum reference efficiency mgmay, that
could be obtained from a lossless vented-box system for
specified values of f; and Vj is, from Egs. (26) and
(28),

770(max) = 39 X 1O—Gf33 I/B (35)

with f; in Hz and V5 in m3. This relationship is il-
lustrated in Fig. 16, with V' (given here in cubic deci-
meters: 1 dm3 = 1 liter = 10—3 m3) plotted against
f3 for various values of 5y, €Xpressed in percent.
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Fig. 16. Relationship between cutoff frequency, enclosure
volume, and maximum reference efficiency for vented-box
loudspeaker system.

Fig. 16 represents the physical efficiency—cutoff fre-
quency—volume limitation of vented-box system design.
A practical system having given values of f; and Vg
must always have an actual reference efficiency lower
than the corresponding value of =y ,.x, 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 Q;. Typical practical effi-
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ciencies are 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 be overcome in a sense by the use of amplifier
assistance, i.e., networks which raise the gain of the
amplifier in the cutoff region of the system [10], [20].
While the overall response of the complete system is
thus extended, there is no change in the driver-en-
closure efficiency 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 Il: Large-Signal Analysis
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The power capacity of a vented-box loudspeaker system is shown to be directly re-
lated to the system frequency response and to the volume of air that can be displaced
by the system driver. The vent area must be made large enough to prevent noise gen-
eration or excessive losses; the required area is shown to be quantitatively related to
enclosure tuning and to driver displacement volume. Mutual coupling between driver
and vent is found to be of negligible importance in most cases.

The basic performance characteristics of a vented-box system may be determined
from knowledge of a number of fundamental system parameters. These parameters can
be evaluated from relatively simple measurements. The vented-box system is shown to
possess two important performance advantages compared with the closed-box system.

Editor’s Note: Part I of Vented-Box Loudspeaker Systems
appeared in the June issue.

6. DISPLACEMENT-LIMITED POWER RATINGS
Diaphragm Displacement

The vented-box system displacement function given
by Eq. (14) is a low-pass filter function which has a
notch at f5 contributed by the numerator and an ultimate
cutoff slope of 12 dB per octave at high frequencies.
The behavior of this function is examined at the end
of Appendix 1.

The normalized diaphragm displacement magnitude
| X(jw)| is plotted in Fig. 17 for a few common align-
ments. For convenience, the frequency scale is normal-
ized to fp. Note that the effect of moving from the C4
alignments toward the QB3 alignments (i.e., increasing «)
is to reduce the diaphragm displacement near and above

fp relative to the displacement at zero frequency, and
that the principal effect of enclosure losses is to increase
the displacement near fp, i.e., reduce the sharpness of
the notch.

Acoustic Power Rating

Assuming linear large-signal diaphragm displacement,
the steady-state displacement-limited acoustic power rat-
ing P4y of a loudspeaker system, from [12, eq. (42)], is

4‘"’3P0 fs4VD2

Psr = T2 : 2
(4 km IX(]‘")Imnx
where | X (jo)|mqx is the maximum magnitude attained by

the displacement function and Vj is the peak displace-
ment volume of the driver diaphragm, given by

(36)

37

Vp = Sp Xmax
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Xmax being the peak linear displacement of the driver
diaphragm, usually set by the amount of voice-coil
overhang.

For the vented-box system, Eq. (15) gives k, = 1. The
displacement-limited acoustic power rating of the vented-
box system then becomes

4n3p, fstVp?
c I‘X’(]“l’)lmax2 .

For SI units, the value of 4a3py/c is 0.424.

(38)

PAR(VB) =

Power-Rating Constant
Eq. (38) may be written in the form
Pyrwe, = kpfstVp?
where kp is a power-rating constant given by
4n3p, 1
¢ (o/fe) 1 XGo) lms?

The value of f;/fg is already established for any align-
ment in the C4-B4—QB3 range. But from Fig. 17, | X (jo)|
has. two maxima. The first occurs outside the system
passband; this has a value of unity and is located at
zero frequency for the QB3, B4, and moderate C4 align-
ments but slightly exceeds unity and is located below fp
for the extreme C4 alignments. The second maximum
occurs within the system passband, above f, and is al-
ways smaller than the first.

There are thus two possible values for kp, one if the
system driving signal is allowed to have large-amplitude
components at frequencies well below cutoff, and an-
other, which is substantially larger, if the signal is re-
stricted so that all significant spectral components are
within the system passband.

Fig. 18 is a plot of the values of kp for each of the
above driving conditions as a function of the alignment
parameters k and B for systems with lossless enclosures.
The crosses in Fig. 18 indicate the values of kp for a
few selected alignments with Q, = 5. The effect of this
relatively severe amount of enclosure loss on kp is neg-
ligible for the QB3 alignments but gradually increases as
the extreme C4 alignments are approached. For these
alignments, kp is slightly reduced for the passband-drive
case but slightly increased for the wideband-drive case.

(39)

(40)

P=

Program Acoustic Power Rating

In most program applications, a portion of the driving
signal spectrum lies below the system passband. The
lower value of kp given by Fig. 18 is then in general
conservative, while the higher value is comparatively
optimistic. A truly realistic value of kp for program
material can be evaluated only if the actual spectral
power distribution of the particular driving signal is
known. Thiele for example has obtained comparative
power handling data for a number of system alignments
(including amplifier-assisted alignments) based on a par-
ticular random-noise driving signal [20].

In most cases, provided that the program spectrum is
principally within the system passband, a satisfactory
program rating is obtained by setting kp equal to 3.0,
regardless of the alignment used. This is indicated by the
broken line in Fig. 18. This compromise value for kp is
arrived at by considering, for the entire range of align-

F/fg

Fig. 17. Normalized diaphragm displacement of vented-box
system driver as a function of normalized frequency for sev-
eral typical alignments (from simulator).

ments, the passband and wideband values of kp, the ratio
of maximum displacements for passband- and wideband-
drive conditions, and the degree to which the driving
signal spectrum may extend below system cutoff before
the displacement exceeds the passband maximum (see
Fig. 17).

With this value of kp, Eq. (39) becomes

Pirve = 3.0f5* Vp2.

(41)

This relationship is generally applicable to all vented-box
alignments for which the system passband includes the
major components of the program signal spectrum.
Whenever the signal and alignment properties are ac-
curately known, a more exact relationship may be ob-
tained with the help of Fig. 18 or by using Eq. (38)
directly.

Power Output, Cutoff Frequency, and
Displacement Volume

Eq. (41) is illustrated in Fig. 19. P, is expressed in

both watts (left scale) and equivalent sound pressure

oL TRh_  PassBAND
7 - \‘ElT\EADY-STATE
5: H H
|~ [PROGRAM| T~y .
LN

kP B \
1 \ WIDEBAND
2F \ STEADY-STATE
S -
.3 1 1 1 ll\ 1 [l

4 68|12 3 57
k B

Fig. 18. Power rating constant kr for vented-box loud-
speaker system as a function of response shape. Solid lines
are for lossless systems; crosses represent systems with
Qr=35.
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Fig. 19. Relationship between cutoff frequency, driver dis-
placement volume, and rated acoustic power for a vented-box
loudspeaker system operated on program material.

level (SPL) at 1 meter [3, p. 14] for 2n-steradian free-
field radiation conditions (right scale). This is plotted
as a function of f; for various values of V, (note 1
cm?® = 10—¢ m3). The SPL at 1 meter given on the right-
hand scale is a rough indication of the SPL produced in
the reverberant field of an average listening room for a
radiated acoustic power given by the left-hand scale [3,
p. 318]. For particular listening environments such as
large halls, the reference just cited gives methods for
computing the acoustic power required to obtain a spe-
cified SPL.

Fig. 19 represents the approximate physical large-sig-
nal limitation of vented-box system design. It may be
used to determine the maximum performance tradeoffs
(P4 versus f3) for a given voice-coil/suspension design
or to find the minimum value of ¥V, which is required
to meet a given specification of f3 and Pp.

Power ratings calculated from Eq. (41) or Fig. 19
apply only for “typical” program material which does
not drive the system hard at frequencies below cutoff.
For other circumstances the applicable rating may be
higher or lower. Even where the condition of passband
drive is met with regard to the intended program mate-
rial, the vented-box system is clearly vulnerable to ex-
traneous signals such as turntable rumble and subsonic
control tones. These normally inaudible signals may pro-
duce audible harmonics or cause noticeable modulation
distortion [21]. In cases where such signals are particu-
larly troublesome and cannot otherwise be eliminated,
the use of a closed-box design or one of the higher order
amplifier-assisted vented-box alignments described by
Thiele [10], [20] may provide relief.

Electrical Power Rating

The displacement-limited electrical power rating Pgyp
of the vented-box system is obtained by dividing the
acoustic power rating Eq. (38) by the system reference
efficiency Eq. (25). Thus,

_ PAR(VB) _
Pypvpy = ———— = mpoC
7o VAS

2 fSQES . I/D2
IX(]“’) !maxz

This rating is subject to the same adjustments for pro-
gram material as used above. Its dependence on the per-
formance factors already discussed is easily observed

(42)

from the form obtained by dividing Eq. (39) by Bq. (26):

k Vy?
Ppg = - fs =
k., Vg

In practice, the values of P, and %, are much more
important; these would normally be specified or calcu-
lated first. Pgp, is then obtained directly from these num-
bers as indicated by Eq. (42). Pgp describes only the
amount of nominal power which may be absorbed from
an amplifier if thermal design of the voice-coil permits.
It gives no indication of acoustic performance unless
reference efficiency is known.

Enclosure and driver losses reduce 5, without much
effect on P, and thus lead to a higher value of Pgp.
Driver displacement nonlinearity for large signals also
has the effect of reducing efficiency at high levels, i.e.,
increasing the electrical input required to actually reach
the driver displacement limit. In both cases, the extra
input power is only dissipated as heat.

(43)

7. PARAMETER MEASUREMENT

The direct dependence of system performance char-
acteristics on system parameters provides a simple means
of assessing or predicting loudspeaker system performance
from a knowledge of these parameters. The important
small-signal parameters can be found with satisfactory
accuracy from measurement of the voice-coil impedance
of the system and its driver.

The voice-coil impedance function of the vented-box
system is given by Eq. (16). A plot of the steady-state
magnitude |{Zy.(jw)| of this function against frequency
has the shape illustrated in Fig. 20; the measured im-
pedance curve of a practical vented-box system has this
same characteristic shape.

The impedance magnitude plot of Fig. 20 has a mini-
mum at a frequency near fz (labeled f,;) where the im-
pedance magnitude is somewhat greater than Rp. The
additional resistance is contributed primarily by en-
closure losses and is designated Rp, on the plot axis.
There are two maxima in the impedance plot, located at
frequencies below and above f;;. These are labeled f;,
and fy. At these frequencies, ule magnitudes of the im-
pedance maxima depend orn. L. th driver losses and en-
closure circuit losses and are se!dom equal.

Where only normal enclosure losses are present, the
basic system parameters and the total enclosures loss
Qp may be found with satisfactory accuracy using the
method developed by Thiele in [10]. The indicated value
of Qp may then be used to check the measur ment ap-
proximations. Thiele’s method is based on an in.tial as-
sumption of negligible enclosure losses and may be sum-
marized as follows. The relationships are derived in
Appendix 2.

1) Measure the three frequencies f;, fi, and f; where
the impedance magnitude is maximum or minimum. The
accurate identification of these frequencies may be aided
by measuring the impedance phase; if this passes through
zero at the appropriate maximum or minimum, the fre-
quency of zero phase (which may be located with high
precision) may be taken as the center of the maximum
or minimum. However, if zero phase is not closely coin-
cident with maximum or minimum magnitude, as may
occur for moderate to high enclosure losses, the fre-
quency of actual maximum or minimum impedance mag-
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Fig. 20. Voice-coil impedance magnitude of vented-box
loudspeaker system as a function of frequency.

nitude must be located as carefully as possible. Exper-
ience with many systems and experiments with the analog
circuit simulator have shown that where the frequencies
of zero phase and maximum or minimum magnitude do
not coincide, the latter always provide more accurate
values of the system parameters. Bypass any crossover
networks for this measurement, and keep the measuring
signal small enough so that both voltage and current sig-
nals are undistorted sinusoids. For the following calcu-
lations, assume that fz = f),.2

2) Calculate fgp, the resonance frequency of the
driver for the air-load mass presented by the enclosure,
from the relationship

 ifu

fa

3) Calculate the compliance ratio e from the relation-
ship

fsB (44)

_ (fu+1s) Fu— 1) (Fpt 1) (fa— 1D
fu*fe?

If the enclosure contains little or no lining material, the

driver compliance equivalent volume Vg may be calcu-

lated in terms of the encl{osure net volume V. The re-
lationship is, from Egs. (9), (10), and (33),
LLgTa NS

(45)

a

V‘,s = a VB' (46)
4) Calculate the tuning ratio 4 from
h = fg/fsn- 47)

5) Rmove the driver from the enclosure, measure the
driver “parameters fg, Qg and Qpg by the method of
[12, Appendix],® and correct the driver Q values if neces-

2In [32, Appendix 4] Benson shows that if a large voice-
coil inductance (or crossover inductance) is present, the
measured value of fx is lower than the true value of fs,
while f. and fx are negligibly affected. A much better approx-
imation to f» is obtained by carefully blocking the vent aper-
ture and measuring the resonance frequency f¢ of the result-
ing closed-box system [22]. Then, from [32, eq. (A4-6)], fs =
(fi? + fa® — fc*) *. Because this relationship is true, fo can be
used directly in place of fz in Eq. (45) to determine the sys-
tem compliance ratio.

3 Again, if the driver voice-coil inductance is large, Benson
32, Appendix 2] shows that the accuracy of determination of
the Q values is improved if fs in [12, eq. (17)] is replaced by
the expression Y fif:.

sary to correspond to the driver resonance frequency in
the enclosure. This is done by multiplying the measured
values of Q¢ and Qpg by the ratio fg/fgp Where fg is
the resonance frequency for which Qg and Qpg have
been measured and fg; is the resonance frequency in
the enclosure found from Eq. (44). Usually if the driver
parameters are measured on a test baffle of suitable size,
the two resonance frequencies are almost identical and
the correction is not required.

6) Calculate Qpg from
OnsQus
Opg = ———
Qrs + Qus

7) Measure the minimum system impedance magni-
tude Ry + Rpy at fyr and calculate

Ry,

31

ry = (48)
Then, using the corrected values of Qpy and Qg Ob-
tained above, determine the total enclosure loss Qp from
the relationship

0, = h[ 1 _ 1 :l
N a Qgs(ry—1) Ous |

The term 1/Q,¢ can usually be neglected.

8) The accuracy of the approximation fp = f;y on
which the above method is based may be checked by
calculating the approximate error introduced by the en-
closure losses. Assuming that leakage losses are dominant
in effect and that f,; is the measured frequency of zero
phase, the error correction factor is

[
f M aQ1;2 —1
This factor is usually quite close to unity. If it is signifi-
cantly different from unity, it may be used to correct
the value of fz used in the above calculations to obtain
better accuracy in the calculated parameter values.

The estimation or measurement of driver large-signal
parameters is discussed in [22, Sec. 6].

With values determined for all important system
parameters, system performance may be determined from
the relationships given in earlier sections. The system
frequency response may be calculated manually or using
a digital computer but is most easily obtained by intro-
ducing the system parameters to an analog circuit simu-
lator. The design of a simple simulator suitable for this
purpose will be published in the future.

(49)

(50)

8. VENT REQUIREMENTS

The vent of a vented-box system must provide the
necessary small-signal enclosure resonance frequency fgz;
it must also provide the maximum ‘required large-signal
volume velocity without excessive losses or generation
of spurious noises.

The second requirement can be satisfied by adjusting
the vent area to a value which prevents the vent air
velocity from exceeding a specified limit. An experimen-
tally determined limit which avoids excessive noise gen-
eration is about 5% of the velocity of sound, provided
that the inside of the vent is smooth and that the edges
are rounded off with a reasonable radius. This velocity
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limitation generally ensures acceptable losses as well,
provided that the vent is not unduly obstructed.

The alignment, response, and power rating data of
this paper combine to yield a relationship between vent
area and maximum vent velocity for any given system.
For program power ratings this relationship reduces to
a simple approximate formula for vent area which limits
the peak vent velocity, at maximum rated power input
and at the frequency of maximum vent velocity, to 42 %
of the velocity of sound. This formula, which is accurate
within #=10% for the entire C4-B4—QB3 range of align-
ments, is

Sy>087,V, (51)
or

dy = (fgVp)* (52)

where Sy is the area of the vent in m2 or dy is the diam-
eter of a circular vent in meters; ¥V, must be expressed
in m3 and fp in Hz. Because the noise generated depends
on factors other than velocity (e.g., edge roughness),
and because the annoyance caused by vent noise is sub-
jective, this formula should be regarded as a general
guide only, not as a rigid rule.

Once the area of the vent is determined, the length
must be adjusted to satisfy the first requirement, i.e., cor-
rect enclosure tuning. There are many popular formulas
and nomograms for doing this. Using Thiele’s formulas
[10, egs. (60)—(65)]1, the nomogram and chart of Fig. 21
were constructed to simplify the calculation process for
ducted vents.

To use Fig. 21, lay a straight-edge through the en-
closure volume on the V line and the desired resonance
frequency on the fp line and find the intersection with
the Ly/Sy line. This is illustrated on the figure with
lightly dashed lines for Vz = 57 dm3 (2 ft3) and fz =
40 Hz. Next, move horizontally to the right from this
intersection point until a curve is reached on the chart
which corresponds to the required minimum size deter-
mined from Egs. (51) or (52). The intersection of the
horizontal projection with this curve indicates on the
horizontal scale the required duct length L, for a vent
of the prescribed size. For the example illustrated, if the

minimum duct diameter is 100 mm (4 inches), the re-
quired length is about 175 mm (7 inches). End correc-
tions for one open end and one flanged end are included
in the construction of the chart. For intermediate vent
areas the chart may be interpolated graphically.

For some proposed systems a satisfactory vent design
cannot be found. This is particularly the case for small
enclosures when a low value of fz is desired. Also, tubu-
lar vents for which the length is much greater than the
diameter tend to act as half-wave resonant pipes, and
any noise generated at the edge is selectively amplified.
In these cases it is better to use a drone cone or passive
radiator in place of the vent [2], [23]. Systems of this
type will be discussed in a later paper.

9. DIAPHRAGM-VENT MUTUAL COUPLING
Mutual Coupling Magnitude

The acoustical analogous circuit of a lossless vented-
box system, modified to include mutual coupling [2], [6],
is presented in Fig. 22. The mutual coupling components
are inside the dashed lines. (The mutual coupling resist-
ance [2] is equal to the radiation load resistance and
is therefore neglected [4], [12].)

The acoustic mutual coupling mass M, has a maxi-
mum magnitude when the diaphragm-vent spacing is a
minimum. A practical minimum spacing between the
centers of diaphragm and vent is about 1.5a, where a is
the diaphragm radius. Using this value, and assuming
radiation conditions of a 2=-steradian free field, the maxi-
mum value of M, is about 0.13/a [2]. This value is
reduced for a 4x-steradian free-field load [6].

For a 12-inch driver with an effective diaphragm ra-
dius of 0.12 m, the mechanical equivalent My, of the
acoustic mass M,y has a maximum value of 2.2g. The
mechanical diaphragm mass My, for 12-inch drivers
varies from about 20g for older types used in large en-
closures to more than 100g for newer types designed for
use in compact enclosures. Thus the mutual coupling
mass may have a magnitude of from 2 to 8% of the
total moving mass of the driver when all of the dia-
phragm air-load mass is accounted for [3, pp. 216-217].

The effect of these values of mutual coupling mass
was investigated using the analog circuit simulator. A
“lossless” system aligned for a B4 response was com-
pared to the same circuit with the driver and vent
masses reduced by the amount of the mutual coupling
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Fig. 22. Acoustical analogous circuit of lossless vented-box
loudspeaker system modified to include effects of diaphragm—
vent mutual coupling.
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mass and the same amount of mass then introduced into
the enclosure branch in agreement with Fig. 22.

Effect on Response

The effect of 2% mutual coupling mass on the fre-
quency response could not be observed. The effect of
4% mutual coupling mass could be observed but was
hardly worth taking into account. With 8% mutual
coupling mass, the cutoff frequency was lowered by
about 5% and the corner of the response curve became
sharper as described by Locanthi. Similar effects were
observed for other alignments.

It would appear that in most cases the effect of mutual
coupling on system response is negligible. Only when a
driver with a light diaphragm is mounted very close to
the vent is the effect on response significant. It then
amounts to a slight alignment shift with a very small
decrease in cutoff frequency.

Effect on Measurement

Mutual coupling alters the location of the frequencies
fr. and fy of Fig. 20 but does not affect the location of
fu [2]. The shift in f;, and f; toward each other upsets
the calculation of the compliance ratio from Eq. (45),
giving a value lower than the true value.

This suggests that if it is desired to measure the true
compliance ratio of a system for which the magnitude
of mutual coupling is very high, the vent should be
blocked and the compliance ratio measured by the closed-
box method described in [22]. However, if the param-
eters of a system are being measured only to evaluate
the response of the system, the presence of mutual
coupling may be ignored. Experiments on the analog
circuit simulator show that the response of a system
having the false calculated value of « and no mutual
coupling is essentially identical to that of the actual sys-
tem with its mutual coupling.

10. DISCUSSION
Features of Vented-Box Loudspeaker Systems

The vented-box loudspeaker system acts as a fourth-
order high-pass filter. This basic fact determines the
available range of amplitude, phase, and transient re-
sponse characteristics. By suitable choice of parameters,
the response may be varied from that of an extreme C4
alignment with passband ripple and very abrupt cutoff
to that of an extreme QB3 alignment for which the
response is effectively third order. The cost of the gentler
cutoff slope and improved transient response of the QB3
alignment is a reduced value of the system efficiency
factor k, g, although this reduction is relatively small for
real systems with typical enclosure losses. A further sac-
rifice in the value of this efficiency factor permits the
use of SC4 alignments for which the transient response
may approach that of a second-order system.

Perhaps the most important feature of the vented-box
loudspeaker system is the very modest diaphragm ex-
cursion required at frequencies near the enclosure reso-
nance frequency fp. This feature is responsible for the
relatively high displacement-limited power capacity of
the system; it also helps to maintain low values of non-
linear distortion and modulation distortion [21].

The “misalignment” curves of Figs. 7 and 8 indicate

the necessity for careful alignment of the vented-box
system. The plurality of variables makes it very difficult
to obtain optimum adjustment by trial-and-error methods,
although simulators or computers may be used to speed
up the process.

Comparison of Vented-Box and
Closed-Box Systems

Most direct-radiator loudspeaker systems use or are
based on either the closed-box or vented-box principle.
It is therefore of interest to compare these two funda-
mental systems, and to observe the advantages and dis-
advantages of each.

One obvious difference is that the vented-box system
is more complex, i.e., has more variables requiring ad-
justment, than the closed-box system. This difference
means that satisfactory designs are relatively easier to
obtain with the closed-box system and probably ac-
counts for much of the popularity of this system.

The performance relationships derived in this paper
for the vented-box system and in [22] for the closed-box
system make possible a number of interesting quantita-
tive comparisons which follow.

Response

The response of the vented-box system can typically
be adjusted from fourth-order Chebyshev to quasi-third-
order maximally flat; that of the closed-box system can
be adjusted from second-order Chebyshev to an over-
damped second-order condition approaching first-order
behavior. This means the closed-box system is nominally
capable of better transient response, but Thiele [10, Sec.
13] suggests the differences among correctly adjusted sys-
tems of both types are likely to be inaudible.

Efficiency

A comparison of Fig. 16 or Eq. (35) with [22, Fig. 7
or eq. (28)] reveals that the vented-box system has a
maximum theoretical value of k, which is 2.9 dB greater
than that of the closed-box system. Both systems suffer
to a similar degree from the combined effects of driver
and enclosure losses, and both must sacrifice efficiency
to make use of alignments which have better transient
response than the maximume-efficiency alignment (see
Fig. 15 and [22, Fig. 8]).

Typical values of k, for practical designs still favor
the vented-box system by about 3 dB. The larger effi-
ciency constant may be used to obtain higher efficiency
for the same size and cutoff frequency, a smaller en-
closure size for the same efficiency and cutoff frequency,
a lower cutoff frequency for the same size and efficiency,
or any proportional combination of these [22, Sec. 4].

Power Capacity

The reduced diaphragm excursion of the vented-box
system near the enclosure resonance frequency gives the
vented-box system a higher power rating constant kp
than a comparable closed-box system. Comparing Eq.
(41) with [22, eq. (35)], the advantage in favor of the
vented-box system for average program material is a
factor of 3.5, or 5% dB; for particular applications it
may be larger.

However, except for the extreme C4 alignments, this
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advantage is limited to the passband; at frequencies well
below cutoff, the vented-box system has a higher relative
displacement sensitivity and is therefore more vulnerable
to turntable rumble and other subsonic signals.

Driver Requirements

For a given specification of enclosure size and system
cutoff frequency, the driver of a vented-box system re-
quires a lighter diaphragm and greater electromagnetic
coupling in the magnet-voice-coil assembly compared to
the same size driver used in a closed-box system (cf.
example of Section 12, Part III, with that of [22, Sec.
10]). These differences are physically consistent with the
higher efficiency of the vented-box system. However, for
equivalent acoustic power rating, the peak displacement
volume ¥V, and therefore the peak diaphragm displace-
ment Xxp,, i8 substantially smaller for the vented-box
driver. Because x,, determines required voice-coil over-
hang, total amount of magnetic material required for the
vented-box driver is not necessarily greater.

The closed-box system driver must have high com-
pliance relative to the enclosure if maximum efficiency
is to be achieved. While high driver compliance may be
beneficial to the vented-box design in terms of transient
response, it is not necessary. In fact, a maximum effi-
ciency constant is obtained for the vented-box system with
a relatively low value of compliance ratio, and maximum
displacement-limited power capacity is obtained with
very low values.

Enclosure Size

It is stated above that the larger value of k, for the
vented-box system may be used to obtain a size advan-
tage, i.e., the enclosure may be smaller than that of a
closed-box system having the same efficiency and cutoff
frequency. Then, despite the smaller enclosure size, if
the drivers have equal peak displacement volume, the
larger value of kp for the vented-box system must give
a higher acoustic power rating.

This is theoretically correct, but it is practically pos-
sible only so long as ¥V remains very much larger than
the maximum volume displacement required. The maxi-
mum air-volume displacement from the enclosure of a
vented-box system is larger than V', because of the con-
tribution of the vent; if this total volume displacement
exceeds a small percentage of Vg, the compression of air
within the enclosure becomes nonlinear to such a degree
that the system must produce distortion regardless of
the driver linearity [3, p. 274].

In most practical loudspeaker system designs, V,, is
indeed very much smaller than V5, and power capacity
is not limited by enclosure size. However, if extreme
miniaturization is attempted or if a driver is specifically
designed to obtain a very large value of Vp, this limita-
tion may become relevant.

It is important to realize that two direct-radiator loud-
speaker systems operated at the same frequency and
acoustic power level have the same total output volume
velocity and displacement regardless of the type of sys-
tem {12, eq. (2)]. Thus for both closed-box and vented-
box systems, adequate enclosure volume is essential to
the production of high acoustic output power with low
distortion at low frequencies. Some size reduction is pos-
sible for closed-box systems if motional feedback is used

to control distortion [24], but this technique can be diffi-
cult to apply successfully [25].

Typical System Performance

A sampling of commercial vented-box loudspeaker
systems was tested in late 1969 by measuring the system
parameters as described in Section 7 and programming
these into the analog simulator to obtain the system re-
sponse. For a few systems, the response obtained in this
way was checked by indirect measurement [26].

Most of the samples tested fitted into the same two
categories previously described for closed-box systems
[22, Sec. 8]: systems with a volume of 40 dm3 (1.5 ft3)
or more, a cutoff frequency of 50 Hz or lower, and rela-
tively flat response; and smaller systems with a cutoff
frequency above 50 Hz and several decibels of peaking
in the response above cutoff. There was, however, a
greater tendency for these two categories to overlap.

While most of the systems were probably designed by
traditional trial-and-error methods, the general objectives
of system manufacturers appear remarkably consistent.
The larger systems fulfill the traditional requirements for
high-fidelity reproduction, while the smaller systems suit
the apparent requirements of the mass marketplace.
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Vented-Box Loudspeaker Systems
Part lll: Synthesis

RICHARD H. SMALL

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

The analytical relationships developed in Parts I and II which relate the performance
characteristics of the vented-box loudspeaker system to the basic parameters of its com-
ponents make possible the straightforward design of loudspeaker systems meeting speci-
fic performance goals. A set of desired system performance specifications may be
checked for realizability and then used to determine the required physical properties
of all the system components. The most suitable enclosure design for a particular

driver may also be readily determined.

Editor’s Note: Part I of Vented-Box Loudspeaker Systems
appeared in the June issue and Part II in July/August.

11. SYSTEM SYNTHESIS
System-Component Relationships

The relationships between response and system
parameter adjustment are given in Part I by Figs. 6 and
9-13 for the “flat” C4-B4-QB3 alignments. Enclosure
losses cannot be known exactly in advance but can be
predicted from experience. For example, for numerous
commercial systems and laboratory enclosures in the
range of 25-100 dm3 (1-4 ft3) measured in the course
of this research, the most commonly measured values of
Op are between 5 and 10 with a general tendency for
Qp to fall with increasing enclosure volume.

For enclosures of moderate size, the assumption of
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an equivalent Q, value of 7 is a very satisfactory start-
ing point for design purposes. In this case Fig. 11 is used
to represent the basic relationships between driver pa-
rameters, system parameters, and system response. If a
higher or lower value of Qp is expected with some con-
fidence, one of the other figures is used.

The appropriate alignment and response relationships
(Fig. 11 or otherwise) and the efficiency, power capacity,
and vent design relationships established in Parts I and
II permit the design of vented-box systems in complete
detail. Procedures are described and illustrated below
for two important cases, design of an enclosure to suit a
particular driver and design of a complete system start-
ing from required performance specifications.

Design with a Given Driver

The design of an enclosure to suit a given driver
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Fig. 10. Alignment chart for vented-box systems with Qs =
QL = 10

starts with a knowledge of the driver small-signal param-
eters fg, Qrg, and V,g; fg and Qpy must be adjusted if
necessary to correspond to enclosure mounting condi-
tions. If these parameters are not already known, they
may be measured by the methods given in [10] or [12]
using a standard baffle to provide air-mass loading as
for an enclosure (see also Section 7 in Part II of the
present paper, including Footnote 3).

The value of Qpg is of primary importance. If the
loudspeaker system is to be used with a modern ampli-
fier having very low output (Thevenin) resistance, then
QOp for the system will be equal to Qrg for the driver.
From Figs. 6 and 9~13 it is clear that O, must be no
larger than about 0.6 for successful application in a
vented enclosure.

If Qrg has a reasonable value, then the optimum
value of o for a system using the driver is found from,
say, Fig. 11 by locating the measured value of Qrg on
the Qr curve in the figure and observing the correspond-
ing value of a on the abscissa. This value of « then de-
termines the optimum value of V; using Eq. (46). It
also determines the required value of & (and therefore
18) and the corresponding value of f; for the system as
indicated on the same figure. If the resulting system
design is not acceptable (f3 too high, V5 too large, etc.),
then it is probable that the driver is not suitable for use
in a vented-box system.

The design process may alternatively be begun by se-
lecting an enclosure size Vp which suits aesthetic or
architectural requirements. This determines o and hence
the required enclosure tuning fp, the required value of
Qr, and the resulting cutoff frequency f,. If the value of
f4 is not satisfactory, then the driver and the enclosure
size chosen are not compatible. If f3 is satisfactory but
the required Qy is very different from Qrg, it may be
possible to use the driver as discussed below.

There are limited ways of salvaging a driver having
unsatisfactory parameter values. If the value of Qg is
too high to fit an alignment which is otherwise desirable
in terms of enclosure size and bandwidth, an acoustically
resistive material such as bonded acetate fiber may be
stretched over the rear of the driver frame to reduce
the effective value of Qy, thus lowering Qg [17], [27].
The correct amount of resistive material is determined
experimentally by remeasurement of Qrg as material is
added. Qr may also be reduced by using a negative
value of amplifier output resistance R, [10, Sec. 12], [28]
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to produce a low value of Qp, where [12, eq. (21)]

R,+R
05 = Qps——— (53)
Rp
because in this case [12, eq. (22)]
Or = QpQus/(Qrt+ Qusg). (54)

Both methods reduce Q; without changing Qpg; thus the
value of k,,, from Eq. (29), and therefore 7, for the
system, will be lower than could be achieved by altering
the magnet design to reduce Qpg directly.

Sometimes the value of Qrg is found to be undesirably
low. This may be remedied by placing a resistor in
series with the voice coil to increase Ry and therefore
Qrg or by using a positive value of R, to increase Qp.

If the driver proves satisfactory and an acceptable
system design is found, the system reference efficiency
is calculated from the basic driver parameters using Eq.
(25). The approximate displacement-limited acoustic
power rating of the system is computed from Eq. (41)
if Vp is known. V', usually can be evaluated as described
in [22, Sec. 6]. The approximate displacement-limited in-
put power rating is then found by dividing the acoustic
power rating by the reference efficiency as indicated by
Eq. (42). The vent design is carried out in accordance
with Section 8 of Part II.

Example of Design with a Given Driver

The following smali-signal parameters were measured
for an 8-inch wide-range driver manufactured in the
United States:

fs = 33 Hz
Ous = 2.0
Ops = 0.45

Vg = 57 dms3 (2 ft8).

The large-signal characteristics specified by the manu-
facturer are as follows.

1) “Total linear excursion of one-half inch.” From
this, x,, = 6 mm, and, assuming a typical effective
diaphragm radius of 0.08 m,

Vp = 120 cm3,
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2) “Power capacity 25 watts program material.” From
this it is assumed that for program material the thermal
capacity of the driver is adequate for operation with
amplifiers of up to 25-watt continuous rating.

By calculation from Egs. (31) and (25).

Ors = 0.37
no = 0.44% .

Assuming that the amplifier to be used with the sys-
tem has negligible Thevenin output resistance, Q, for
the system will be 0.37. Taking Qp = 7 initially, Fig. 11
indicates that the enclosure volume will be relatively
small; a more likely value of Qjy is thus about 10. Using
Fig. 10 then, a QB3 response with B = 1.0 can be ob-
tained for which the system parameters are

a = 1.55
h =107
fs/fs = 1.16.

Thus the required enclosure volume is
Vi = V,yg/a = 37 dm3 (1.3 ft3).
The enclosure must be tuned to
fpg = hfg = 35Hz
and the system cutoff frequency is
f: = 38 Hz.

From Eq. (41) the displacement-limited program
acoustic power rating of the system is

Pip =3.072V,2 =90 mW.

The corresponding displacement-limited program input
power rating is

PER = PAR/”IO = 20W.

Because this is less than the manufacturer’s input power
rating, it should be quite safe to operate the system with
an amplifier having a continuous power rating of
20 watts.

From Eq. (52) the minimum diameter of a tubular
vent is (Vpfg)% or 65 mm (2.6 inches). From Fig. 21,
the required vent length is 175 mm (7 inches) for a
tubing of this diameter.

Design from Specfications

The important performance specifications of a loud-
speaker system include frequency response, efficiency,
power capacity, and enclosure size. The complexity of
the vented-box system makes control of all these speci-
fications quite difficult when traditional trial-and-error
design techniques are used. In contrast, the analytical re-
lationships developed in this paper make possible the
direct synthesis of a vented-box system to meet any
physically realizable set of small-signal and large-signal
specifications and even provide a check on realizability
before design is begun.t

Specification of system frequency response basically
amounts to specification of an alignment type and a
cutoff frequency f;. While the emphasis in this paper is

4 See {32, Sec. 5 and 6] for an extensive discussion of the
principles of system small-signal response synthesis.
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Fig. 21. Nomogram and chart for design of ducted vents.

on the “flat” C4-B4-QB3 alignments, any other desired
alignment may be specified, e.g., the degenerated Che-
byshev type 2 (DT2) alignment used by Nomura which
provides passband peaking [11]. Appendix 1 shows how
the required system alignment parameters may be calcu-
lated from the polynomial coefficients of any desired
alignment based on the assumed or expected value of
Qp. For any alignment in the C4-B4-QB3 range, the
necessary alignment data are provided in Figs. 9-13. The
frequency response specification thus fixes the values of
the parameters a, Qp, f5, and fp.

For a specified frequency response, the designer may
specify also the enclosure size or the reference efficiency;
but he may not specify both unless the values satisfy
the realizability requirements of Section 4. If the en-
closure volume V' is specified, the required driver com-
pliance is then

VAS = aVB. (46)

The required value of the driver parameter Qg is found
from the required value of Qp by allowing for reason-
able values of R, (typically zero) and Q¢ (typically 5,
but varies greatly depending on the amount of mechani-
cal damping deliberately added to the suspension to
suppress higher frequency resonances). The system ef-
ficiency is then calculated from Eq. (25).

The power capacity of the system may be specified in
terms of either Pyp or P,p, but not both unless the
values agree with the attainable system efficiency. It is
possible to specify both independently only if neither
Vg nor m, are separately specified; then the required
value of n, is given by the ratio of P,z to Py, and the
required enclosure volume which will provide this effi-
ciency for the specified frequency response is found from
Egs. (26) and (28) using values of k,o, and k, g, ob-
tained from Eq. (32) and Fig. 15 and based on the esti-
mated or expected values of Qg and Qp.

Assuming that Vp and P,z are specified and that =,
has been determined from Eq. (25), Pgy is given by

Pgr = P4g/70- (42)

The required value of Vj for the driver is found from

335



336

Eq. (41) using the given values of f; and P,,. Check
that Vp, << V. The thermally limited maximum in-
put power rating of the driver Pg ., must be not less
than the value of Py, divided by the peak-to-average
power ratio of the program material to be reproduced.

The vent is designed so that the area Sy satisfies Eq.
(51) and the effective length-to-area ratio gives the re-
quired fp in combination with the enclosure volume Vj
as determined from Fig. 21.

The driver is completely specified by the parameters
calculated above and may be designed by the method
given in Section 12.

Example of System Design from Specifications

A loudspeaker system to be used with an amplifier

having very low output resistance must meet the follow-
ing specifications:

fs = 40Hz
Response = B4
Vg = 57 dm3 (2 ft3)
P,r = 0.25 W program peaks; expected peak-
to-average power ratio 5 dB.

It is assumed that the enclosure losses will correspond
to Op = O, = 7 and that the driver mechanical losses
will correspond to Q¢ = 5.

Using Fig. 11, the B4 response is located at a com-
pliance ratio of

a = 1.06

for which the required system parameters are

k= 1.00
f2/fs = 1.00
Qr = 0.40.

Therefore the required driver parameters are

VAS = 60 dm3 (2.1 ft3)

fs = 40Hz
Qrg = 0.40
and the required enclosure tuning is
fs = 40 Hz.
Taking Qys = 5 and using Eq. (31),
Qps = 0.44.

From Eq. (25) the reference efficiency of the system
is then

10 = 0.84%

and from Eq. (42) the displacement-limited electrical
power rating is

Prr = 30 W.

This requires that the system amplifier have a continuous
power rating of at least 30 watts. For the 5-dB expected
peak-to-average power ratio of the program material,
the thermal rating Py yqy, Of the driver must be at least
9.5 watts [22, Sec. 5].
From Eq. (41),
driver must be

the displacement volume of the

Vp = 180 cm3.
This is only about 0.3% of V. Then, from Eq. (52), a

tubular vent should be at least 85 mm (3.4 inches) in
diameter. From Fig. 21, the length should be 115 mm
(4.5 inches) for a tubing of this diameter.

12. DRIVER DESIGN
Driver Specification

The process of system design leads to specification of
the required driver in terms of the basic design param-
eters f5, Ops, Vg, Vp, and Pgpnax,. To complete the
physical specification of the driver, the arbitrary physi-
cal parameters §;,, and Ry must be selected and the re-
sulting mechanical parameters calculated. This process
is described in [22, Sec. 10] and is illustrated by the
example below.

Example of Driver Design

The basic design parameters of the driver required
for the system in the example of the previous section are

fg = 40 Hz
Qus = 0.44
Vg = 60 dm3
Vp = 180 cm?®
Ppimaxy = 9.5 W.

These specifications could be met by drivers of 8—15-inch
advertized diameter [15].

Choosing a 12-inch driver, the effective diaphragm
radius a will be approximately 0.12 m, giving

Sp = 4.5 X 102 m?
and
Sp2 = 2.0 X 10—3 m4,

The required mechanical compliance and mass of the
driver are then [22, eqs. (61) and (62)]

Cus = Vas/(poc?Sp?) = 2.14 X 10~¢m/N
My = 1/1Q2afg)?Cysl = T4 g.

Mg is the total moving mass including air loads. As-
suming that the driver diaphragm occupies one third of
the area of the front baffle of the enclosure and using
[3, pp. 216-217] to evaluate the air loads, the mass of
the voice coil and diaphragm alone is

Myp = Myg— (3.15a% + 0.65mpea®) = 64 g.

The electromechanical damping resistance must be
[22, eq. (64)]

B2 /Ry = 2nfsMys/Qpg = 42 N+s/m.

For the popular 80 rating impedance, Ry is usually about
6.5 0. The required Bl product for such a driver is then

Bl = 16.5T-m.

For the required displacement volume of 180 cms3,
the peak linear displacement of the driver must be

Xmaz = Vp/Sp = 4.0 mm.

This is approximately the amount of voice-coil overhang
required at each end of the magnetic gap. The total
“throw” of the driver is then 8.0 mm (0.32 inch). This
requirement presents no great difficulty so far as the
design of the suspension is concerned.

The choice of a smaller driver diameter results in a
lighter diaphragm and a less costly magnetic structure,
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but a greater peak displacement is then required, e.g.,
9 mm (18-mm total throw) for an 8-inch driver.

The voice coil must be able to dissipate 9.5 watts
nominal input power without damage.

13. DESIGN VERIFICATION

The suitability of a prototype driver designed in ac-
cordance with the above method may be checked by
measuring the driver parameters as described in [12].

One of the driver parameters which is difficult to con-
trol in production is the mechanical compliance Cyg.
Any shift in this compliance changes the measured val-
ues of both fy and Qgg as well as V4 Fortunately,
system response is not critically sensitive to the value of
Cyg 5o long as My, and B212/Ry have the correct values.
Thus if the measured value of Vg is not too far off its
specified value, the driver will be satisfactory provided
the quantities f3?V 45 and fg/Qpgs, which together indi-
cate the effective moving mass and magnetic coupling,
correspond to the same combinations of the specified
parameters.

The effect of variations in Cyg on the response of a
vented-box system is shown in Fig. 23 for a B4 align-
ment. The =*=50% variation illustrated is larger than
that commonly encountered. The relative effects are
smaller for higher compliance ratios (i.e., QB3 align-
ments) and larger for lower compliance ratios (C4 align-
ments) .5

The completed system may be checked by measuring
its parameters as described in Section 7 and comparing
these to the initial specifications. The actual system per-
formance may also be verified by measurement in an
anechoic environment or by an indirect method [26].

14. SPECIFICATIONS AND RATINGS
Drivers

The moving-coil or electrodynamic driver has long
been the workhorse of the loudspeaker industry. How-
ever, system designers have not been fully aware of the
importance or usefulness of a knowledge of the im-
portant fundamental parameters of these drivers. They
have instead used trial-and-error design techniques and
relied on acoustical measurements of a completed system
to determine the performance characteristics of the
system.

The most important message of this paper and those
that have preceded it is that trial-and-error design tech-
niques are not only wasteful but unnecessary. Design
may be carried out by direct synthesis provided the sys-
tem designer either knows the parameters of a given
driver or can obtain a desired driver by specifying its
parameters.

It is essential for a driver manufacturer to specify all
the important parameters of a driver so that system de-
signers can completely evaluate the small-signal and
large-signal performance obtainable from that driver. In
addition to the specific physical properties of diaphragm

5 A very recent paper by Keele [33] contains exact calcu-
lations of the sensitivity factors of vented-box alignments to
all important driver and system parameters. The sensitivity
to driver compliance is shown to be extremely low compared
to that for most other parameters over a wide range of align-
mennts.
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Fig. 23. Variation in frequency response of a B4-aligned
vented-box system for changes in driver compliance Cxs of
+50% (from simulator).

size and voice-coil resistance (or rating impedance), the
designer needs to know the values of the parameters
fe» Qrs, Qus, Vasg Vp, and Pgpax,. Conversely, where
the designer needs a driver having particular values of
these parameters, the driver manufacturer must be able
to work from such specifications to produce the driver.

Because the basic design parameters above are di-
rectly related to the fundamental mechanical parameters
such as My, Cyg B, and I, which the driver manu-
facturer has long used, there need be no difficulty in
supplying these parameters. There is every likelihood
that feedback from system designers will be helpful to
driver manufacturers in improving their products, par-
ticularly in finding the best tradeoffs among response,
efficiency, and power capacity requirements which can
be obtained for a given cost.

Systems

Because the frequency response, reference efficiency,
and displacement-limited power capacity of a vented-box
loudspeaker system are all directly related to a relatively
small number of easily measured system and driver
parameters, there is every incentive for system manu-
facturers to provide complete data on these fundamental
performance characteristics with the basic system
specifications.

The theoretical relationships developed here refer to
a standard radiation load of a 2n-steradian free field.
This is only an approximation to average listening-room
conditions [29], but ratings and specifications based on
these relationships are of unquestionable value in com-
paring the expected performance of different systems in
a particular application.

There is little doubt that buyers and users of loud-
speaker systems would appreciate an increase in the
amount of quantitative and directly comparable data
supplied with such systems, especially in the categories
of reference efficiency and acoustic power capacity.

15. CONCLUSION

The vented-box loudspeaker system has been popular
for decades but has recently been shunned in favor of
the more easily designed closed-box system.

The quantitative relationships presented in this paper
make the de'sign of vented-box systems a relatively
simple task, despite the complexity of these systems.
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They also indicate that the vented-box system has sub-
stantial advantages over the closed-box system in terms
of the attainable values of the efficiency and power-
rating constants, although these advantages are gained
at the expense of transient response and immunity to
subsonic signals.

As the design of vented-box systems becomes better
understood, interest in these systems may be expected
to increase again. This does not mean that the popu-
larity of well-designed closed-box systems will diminish.
The choice of one or the other will depend on the re-
quirements of a particular application.

The ease with which the low-frequency performance
of a loudspeaker system may be specified in terms of
simply measured system parameters should encourage
more complete specification by manufacturers of the
important frequency response, reference efficiency, and
power capacity characteristics of their products.
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The appendices present a method of calculating the system parameters required to
obtain a desired alignment 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 I of Vented-Box Loudspeaker Systems
appeared in the June issue, Part II in July/August, and
Part III in September.

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

General Expressions

The general form of a prototype low-pass fourth-
order filter function G;(s) normalized to unity in the
passband is

1
Gr(s) = (55)
14 asTy+ axs?T2 + azs3T 3 + 51Tt
where T, is the nominal filter time constant and the
coefficients ay, @,, 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 Gy(s), the trans-
formation (retaining the same nominal time constant) is

Gy(sTo) = G1(1/sTy). (56)
This leads to the general high-pass form of Eq. (20):

4Tt

Gyu(s) = .
" 54T % + 53T (8 + aps2T (2 + azsTy+ 1

(57)

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

|G11(fw)l2 =
(USTOS
(58)
8T8 + A108T 8 + AgwtT ot + A302T¢2+ 1
where
A, = a2 —2a,
A2 = a22 + 2 - 2a1a3
A; = az2—2a,. (59)

Using Eq. (58) it can be shown that the magnitude
response of Gy is down 3 dB, ie., |Gy|2 =15, at a
frequency f; given by

fa/fo = d% (60)
where
fo = 1/(22T,)

and d is the largest positive real root of the equation

(61)

dt— A d3— Ad2—Azd—1 = 0. (62)
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Coefficients of Some Useful Responses

Butterworth Maximally Flat Amplitude
Response (B4)

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

a; = (4+2V2) % = 2.6131
a, =2+Y2=31412

az = a; = 2.6131

A=A, =A;=0

fa/fo = 1.0000

Bessel Maximally Flat Delay Response (BL4)
The normalized roots are given in [19]. They yield

a, = 320108 A, = 1.4638
ay = 439155 A, = 1.2857
ay; =3.12394 A, = 0.9759.

fa/fo = 1.5143

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

k(4+2y2)%

az =

D%
1+ k2(1+V2)
a2 =_——
D%
as’ 1—k2
a; = [1 - ] (63)
D*% 2V 2

where
kt+6k2+1
D=—
8
For the C4 responses, the passband ripple is given by

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

where

K = 1/k2 — 1.

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

B = A %, (65)
The other coefficients are given by
A, = A, =0
as > 2+ V 2
ay = (2a,) %
a; = (a2 +2)/(2ay). (66)

Because the direct relationships between B and the a
coefficients are very involved, the range of responses is
computed by taking successive values of a, and then
computing ay, a;, A3, and B.

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 slope) is desired. Nomura’s design param-
eters are readily convertible into those of this paper.

Computation of Basic Alignment Data

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

1) For a given response and value of Q,, calculate
¢ = a0y,
¢y = az0r. (67)
2) Find the positive real root r of
rt—cyrd+tcor—1=0. (68)

3) Then, using Egs. 60-62 to obtain f3/f,, the align-
ment parameters are

h=r?
fs/fs = B%(f3/19)
a = ah—h?>—1—(1/Q;2) (a;h*:Qr—1)
QOr = hQ./(ash*%Qr,—1). (69)

For infinite 9, the above expressions reduce to Thiele’s
formulas:

h = ag/ay
fs/fs = h%(f3/1o)
a = a2h—h2-— 1
0 = 1/(a,a5) %. (70)

Computation of Displacement Maxima
Eq. (14) may be written in the generalized form
b52T 2+ bysTy+ 1
X(s) = 1540 251 (71)
54Tt + a;53T 3 + aps?T 2 + aasTy + 1

where T, a;, as, and ag are given by Egs. (21)—(24) or
by the alignment specification and

by = 1/h
by =1/(h*%Qr). (72)
The magnitude-squared form of this expression is

| X (o) |2 =
B wiTy! + Byo?To? + 1
ST o8 4 A;0ST oS + Ag*Tot + Az Te? + 1

(73)
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Fig. 20. Voice-coil impedance magnitude of vented-box
loudspeaker system as a function of frequency.

where the 4, coefficients are given by Eq. (59) and

B, = b2 —2b,. (74)

The value of | X (jw)| a2 for any alignment is found
by differentiating Eq. (73), setting the result equal to
zero, solving for the value of w272, 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 f, and above f,. For the ex-
treme C4 alignments, there is a fourth frequency, below
fp. 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 Q;, calculate
Cy = (1/2B;)(AB, + 3B,)
Cy; = (1/By) (4B, +2)
Cy =(1/2B,)(34,+ A,B, —
Cy = (1/By)(A;— By)

A3B1)

Co = (1/2B,) (A3 — B,). (75)
2) Find the largest positive real root G of
G5 + 614(;4 + C;;G3 + C2GZ + CIG + CO = 0. (76)

(The normalized frequency of maximum passband dis-
placement is then fy n,../fo = G*%).

3) Calculate
B,G2+ B,G + 1
Gt+ A,G3+ A,G2+ A4,G+1
The same procedure is used to determine the fre-
quency of maximum displacement below f, 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).

| X (jo) [ max® =

(77)

APPENDIX 2
PARAMETER-IMPEDANCE RELATIONSHIPS

Determination of f;; and «

For infinite Q;, the steady-state form of Eq. (16) be-
comes

Zy(jo) =

R.+R j(‘”TS/QMS)(l _(02T1;2)
BoTEs A TR2TE+ 1
+w?[(at+ 1) Tp2+ T2

+i(0Ty/Qus) (1 — 2T5?)

This expression has minimum magnitude and zero phase
when the numerator of the second term is zero, i.e.,
when o = 1/T 5. Thus for this case, the frequency far of
Fig. 20 is equal to f5. 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

(78)

2 =

[0}
T?+ (a+ D T2\ Tt F (0t 1) 2T 0+ (2a—2) T 2T 42
2T 2T 2 '

(79)

Let the solution using the plus sign be w,? and the
solution using the minus sign be w;2. Then

ot o2 = o2+ (a+ 1) wg?

(80)
and
(0r® —0®)2=wpt + (a + 1) 20t + (20 — 2) 0h%04
(81)
Combining Egs. (80) and (81), it can be shown that

(0 —0r?)? = (0p® T 0,2)? — dupPag®  (82)
which simplifies to
opfor? = ogfog?
or [10, eq. (105)]
o= Iy .
fB

where fg = fgp is the resonance frequency of the driver
for the particular air-load mass presented by the en-
closure.

With fy known, « can be found by rearranging Eq.
(80) into

— fH2+fL2_f1;2 _
i

Alternatively, substituting Eq. (83) into Eq. (80), it is
easily shown that [10, eq. (106)]

= 1) U2 — 12

a — .
fu*fi®

This expression factors into

_ (fH+fB) (Fu—1f) Ut 1) (fp— 1)

fH2fL2

Approximate Determination of Q;

a

(84)

(85)

a

(45)

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

(aTpQr) [~ Tp/Qr + jo(l — w?T5%) ]
WA Tp2Tg? + 1 — o[ (a+ 1) Ty + Tg?]
+jo(Tp/QL) (1 — ?T¢?)

Z(jo) = Rpgy,

(86)
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At a frequency of zero phase, the magnitude of Z(jw)
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 equal. That is, for zero
phase,

|Z(jw)| =
— w?Ty/0;
RE’L(”-TBQL) ¢ B/ L
Wt TR T? + 1 —w2[ (a+ 1) Ty2+ T42]
1 —szB2

= Rgr(aTpQ1) (87)

(Tp/Q1) (1 — w?T4?)

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 op (as indeed does |Zy¢(jw)|) and hence
can be expected to have about the same magnitude at
the frequency of zero phase wy very near to wp as it has
at wp. This gives

]Z(jwu)l =~ |Z(ij)[ = Rpr.. (88)

The resistive voice-coil impedance measured at fy,
defined as Ry + Ry, in Fig. 20, is thus made up of Ry
plus the parallel combination of Rgg and Rg;. Evaluat-
ing this resistance and using Eqgs. (5), (7), (8), (10),
and (11), it can be shown that

0 =il: 1 1
g a L Opg(ry—1) Ous :I

where 7y is (Ry + Rpy) /Ry as defined in Eq. (48) and
Fig. 20. In many cases the 1/Qyg term can safely be
neglected.

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

(49)

— 2

oy = #Qr‘_ (89)

Ty? = oT 50y

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

APPENDIX 3
MEASUREMENT OF ENCLOSURE LOSSES

Measurement Principle

In this method of measurement the system driver is
used as a coupling transducer between the enclosure
impedances and the electrical measuring 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 Ry 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

by a combination of the three fixed resistances R g,
R,;, and R,p of Fig. 1.

System Loss Data

From the system impedance curve, Fig. 20, find the
three frequencies f, fy, and fy, and the ratio of the
corresponding maximum or minimum impedance to Rpg,
designated r;, ry, and ry.

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

Driver Loss Data

Let the symbol p be used to define the ratio
p = (Rgg+Ryg)/Rg. (90)

Because Rpg is in fact a function of frequency for real
drivers, so too is p. Typically 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 Ry which
is defined as ry in [12]. The value of p for frequencies
down to f;, 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 nondestructive method of weighting
is to stick 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 fz. This is risky if f; is more than an
octave above fy but gives quite reasonable results for
many drivers.

Under laboratory conditions, it is possible to fabricate
a low-mass driver which is “normally” 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 than the value of f;; 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 f, to fy. Find the
values at f;, fi, and fy and designate these py, py
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 small-signal limits at all times.

Enclosure Loss Calculation

Define:
H = fu/fu
L = fy/fL

F = fy/(afgQrs)- 91)
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Calculate:

b = 1 1
L rL_l PL_l
e = 1 1
- -
ry—1 pu—1
ky = ! ! (92)
T y—1 pu—1
Cp = Fkp(L2—1 1— 1
L= Fkg( ) —L_2
Cy = (Fky) 1
: (93)
H

Cy= Fk,,(H2—1)(1——;>

1 1
NA'—" —CM<L2—71-2-) +CH(L2_1)+CL(1—71'—)

(94)

Then the values of Q;, Q4, and Qp which apply at the
frequency f,, are found from

0, = A/Ny,
Q4= A/N,
Op = A/Np. (95)

Using the same data, the total enclosure loss Q at the
frequency fy; is

Qp(fu) = 1/Cy = Fhy. (96)

The approximate formula for Qp = Qy given in Eq.
(49) differs from Eq. (96) only in that Rpg is assumed
constant, i.e., that p,, = r,. However, because py is sel-
dom very different from ry, and particularly because
ry — 1 is usually much less than py, — 1, Eq. (49) pro-
vides an adequately accurate measurement of total losses
for normal evaluation purposes.
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