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SIMPLE FORMULAS AMD GRAPHS FOR DESIGN OF VENTED LOUDSPEAKER SYSTEMS

Patrick J. Snyder
Speakerlab, Inc,

T35 M. Northlake Way
Teattle, WA SE103

This paper gives formulas for designing both fourth-
order and sixth-order [equalized) systems for a given
woofer. The formulas specify the freguency te which
the box must be tuned, based on the woofer parameters.
The designer has a choice of box volumes and cutoff fre-
gquencies (which are related). Graphs of the frequency
response (versus box volume and woofer parameters) are
also given, The graphs are scaled in units of fs'mt and

vasntz‘ which makes them applicable to a very wide range
of woofers and box sizes.

INTRODUCTION

The problem of finding the frequency response curve for a vented [bass
reflex) loudspeaker system was first solved, for readers in this
cuuntry at least, by the reprinting of Hev111£ Thiele's classic paper
“Loudspeakers in Vented Boxes® in the Journal of the Audio Engineering
Society in 1971 (Ref. 1). His equation {12) gives the cystem freguency
response function based on the physical parameters of the woofer and
enclosure used.

Thiele simplified the problem by assuming that the enclosure § (Qy),
that iz, the ( associated with the resonance of the air mass in tne
vent with the compliance of the volume of air in the box, is infinite.
Small gives the system response function taking into account the
enclosure § {Ref. 2, eguation 13).

One might think that the “sother lode" of information provided by the
system response function would have been pretty well mined out by now by
the many investigators who have worked on this problem, Hot so.

While measuring the properties of woofers that our company produces, 1
observed that while there was considerable unit-to-unit variation in

the parameters of woofers of the same model, these variations had Tittle
effect on the acoustic performance of the systems in which they were
used. This suggested to me that the performance of loudspeaker systems
is actually determined by one or more relatively invariant properties

ef the woofers, while the commonly measured parameters defined above

are unduly influenced by some varying factor that really has lTittle effect
on performance.

MATHEMATICAL ANALYSTS

The system freguency response function relates the relative sound pressure
Tevel output of a lowdspeaker system, E(s), to the complex freguency variable,
5. "Relative sound pressure Tevel™ means that the sound pressure level

at high frequencies is assumed to approach unity, so that the functiom

actually expresses the low-freguency output as compared to the higher-frequency
output of the same driver-in-box. This corresponds to what is commonly

called the "woofer section frequency response” of a multiple-driver

speaker system, (This paper is solely concerned with the low-end response
design problems. )

The response function is
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The frequency response is controlled by the six parameters in the fumction,
three for the woofer and three for the box:

E{s} =

f natural resonant frequency of the woofer (measured on a flat
5 baffle)
Ut total § of the woofer in the system at fs' including all electri-

cal and mechanical resistances, which [ assume throughout this
paper to equal qts, the total 0 of the woofer itself

'H'as volume of air having same acoustic compliance as driver sus-
pension
fb frequency of enclosure resonance (resomance of air mass in vent

with compliance of air volume in box)

0 total box @ at f, due to all enclosure losses; assumed through-
out this paper equal to 7

?h net volume of air inside enclosure

The driver resonant fregquency, fs‘ is usually defined at the free-air {umen-
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closed) resonant frequency, but I prefer to use the resonant frequency as
measured on a flat baffle because this method includes the effects of an
air mass load more Tike the air load the driver experiences in an enclosure.
Therefore freguency respomse calculations based on f_ defined and measured
this way should be more accurate, &

Under certain circumstances l]t will differ from q“_ If damping material is

packed close around the back of the woofer in the enclosure, the added
resistance to air flow will change the woofer's effective {. Also making
the sowrce impedance driving the woofer other than zero--far example by
interrosing resistance between the amplifier and woofer, or by designing
as special negative-output-impedance amplifier--will change the value of 0
[Ref. 5). However, ordinary high-damping-factor transistor amplifiers have
near-zers output impedance, and so long as you have a low-resistance
connection from the amp to the woofer the § will be undisturbed, ﬂt will

equal Qts' {The marking "4-8 ohms" that you see on the back of amps means

“attach a 4-8 ohm load here,” not that the amplifier's output impedance is
itself equal to 4-8 ohms,)] [ have assumed throughout this paper that ﬂt

and Q“ are interchangeable. [If you ever do run into a case where they differ,
ut is the proper number to use in the formulas and graphs presented here,

The box 0, l‘.}h, is assumed here to be made up solely of leakage losses;

lasses of any other kind would change the form of eq. (1) slightly. I
also assume throughout that Qb is equal to 7. These two assumptions give

results that are in reasonable conformity with practical speaker enclosure
construction methods (Ref. 2).

There are other important driver parameters, such as the maximum power hand-
ling ability and the efficiency, that are not considered at all in this paper.
Only factors that affect freguency response are considered. T would Tike to
point out, however, that once a driver is selected, the enclosure design has
no effect on system efficiency. The well-known dictum that “vented systems
are more efficient than sealed systems" really means that a woofer optimized
far use in a vented box of a certain size is more efficient than a woofer
pptimized for use in the same box sealed, This §5 because vented systems can
use woofers of lower { and still get good response shapes, and Tower [ is
caused by higher motor strength (larger magnet). Hence higher efficiency.

( 1 2z tle effect on system
Keele observed that driwer compliance V__ has relatively 1t

MWHSQ know that of the woofer physical
ﬁwme'ﬁan:e, cone mass, magnet strength, and so on--compliance
15 the.one Thaf variei the most in production. An examination of driver
resonant frequency amd ) TEVEZ (s [natr theése two factors contaia the
compliance implicitly. The resonant frequency is sensitive to the com-
pliance, of course, because it iz determined by the cone mass and
compliance, The § is in turn influenced by the compliance because it is
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measyred at the resonant “regquency,

The undesired sensitivity to compliance may be "factored out" of the
by chopsing to describe ths woofer's ( by

fsxnt

rather than simply by ﬂt' This factor may be analyzed by substituting
the mechanical parameters for the acoustic parameters:

f 2wl 2T1R

5 - ms [

%]

qt : Mns’ L& ’ Hlﬂs

is the resonant frequency in radians/second, Rms is the total driver
cone resistance in mechanical units, and f‘lm.; is the cone mass in mech-
anical wnits. [(For a complete description of the mechanical parameters
and their effects, see Ref. 1 er 2.} You can see that the freguency, and
therefore the dependence on compliance, cancels out.

Similarly we can use as a descriptive woofer parameter in place of v _
the factor:
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That this factor does not really have any dependence on compliance may
again be demonstrated by expressing it in other parameters:
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where My. 5 the acoustic mass of the woofer. Thus the compliance cancels
out and the factor ¥ f £ is really an expressior of the acoustic mass of

the woofer [or of the reciprocal of the mass, to be more exact).
Thus we may, if we wish, replace the three usual woofer parameters

FS' Qt,, and I'Ias
with the "more fundamental" set

2
fsfﬂt, Voofg"e and 'n’“
The parameter Has has no dependence on the other two so it can stay the
same.

4.
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The "fundamentalness™ of fsfﬁt and vasfsz may be confirmed by re-examining
the system response function, eq. [1). You can see that Qt appears in three
places, each time in the factor fsfut. The compliance V,. @ppears only once,

in the f f 2,
and then in the factor vas i

-

"

This might suggest that loudspeaker parameters be specified in terms

of the new set of factors (5) rather than the wsual set (4). As a prac-

tical matter this is not necessary, [magine that you have in_hand a

woofer manufactured with the correct Cone mass and mOLor SErength but

the compliance is off by a certain amount. The true va1ues nf f 9 e nnq_yr_

for your woofer will all differ from the values spec1fied by the manufacture
However, the vahem and h'l$f52 as calculated from the
specs will be correct for your woofer because it has the right cone mass and
motor stremgth. Errore in f and Q. caused by incorrect Vye Will cancel when
the parameters are combined in fsfqt and vasfsz. Your own calculation of these
twn factors will give you the same numbers at the manufacturer would have
given you anyway.

To the woofer designer, however, for whom the motor strength, come mass, and
compliance are variables that he constrols independently, the new set of
woofer parameters (5) may be very uwseful,

L\* BOLD CONJECTURE

After seeing how the new parameter set fit nicely into eq. (1), I turned to
Thiele's well-known table of loudspeaker alignments (Table 1, Ref. 1; with
minor corrections in Ref, 3) to see if restating the column headings in
terms of the new factors might Tead to any simplifications. To my surprise
I found on the right-hand side of the table a colummn of “approximately con-
stant quantities" for the first nine Alignments, Thiele had observed that

S =

- v .2 — Vo £°
- X s 5 =y 1.41 a5 - WY (8)
II:H vhfaz ‘:}—31 - 1-.1{
b T3
and —El— fb = 39 . (7)
fS

{My symbols here are slightly different than those in the original table.)
fy is the -3 dB bass cutoff frequency.

Thus Thiele has uncovered two simple approximations relating f3 and fb‘

the frequency to which the box is tuned, to the three driver parameters and
the box volume. MNote that with Dh assumed equal to 7, all six of the frequency-

response-determining parameters in the system response function are accounted
for. If we make the bold conjecture that this is all the information needed

to design a vented speaker system we can recast eq, (6) and {7) into two

design formulas: !

5"“'f f}* (2

foo= i T (9}
0y

The design procedure is very simple:

1} Pick a convenient size box, Ve

2) Calculate the low-end cutoff (-3 dB} freguency it will give you,
fy, from eq. [B). If dissatisfied, go back to 1}, This time pick
2 bigger box.

3} Tune{;?e box resonant frequency, f,, to the value specified by
eq. {(9).

The boldness of this conjecture is that it suggests that you can design a
variety of vented systems, using different box volumes and getting different
cuteff frequencies, for a given woofer, This is exactly what the Toudspeaker
system designer--who often has only a limited choice of drivers to pick
from--would 1ike to do. Most other design methods give only one allowable
box volume, box frequency, and cutoff frequency for a given driver (unless
you are wi111ng to take extreme measures such as twiddling with Q by
adjusting the source impedance).

FOURTH-ORDER VENTED SPEAKER SYSTEM RESPONSE GRAPHS

Formulas [8) and (%) can be tested by substituting the parameter values they
prescribe back into the system response equation (1). We cam use the response
equation to see what sort of frequency response results from systems designed
according to the formulas. The actual response calculations are very tedious
and repetitive, but a programmable calculator handles them nicely.

The formuia for fb eliminates it as an 1ndependeﬁt variable, since it is now
expressed in terms of other guantities. Assuming Qb constant at 7 eliminates

k-



it as & variazle. The number of variables may be further ri<uced by normal-
fzing, that i , expressing some variables in terms of others.

A normalization scheme that works well is to express frequency in units of
[5;Qt, that is, to use as the frequency variable

S;ut

and to express volume in units of Ha5ut2, that is, to use as the volume
parameter

Vs

2
vasﬁt

The details of how and why this is dome are explained in the Appendix,

The reduction in the number of varfables simplifies the problem so that
speaker systems designed for many combinations of fs' Qt. ?aﬁ, and vb can

have their frequency response characteristics expressed in a reasonable
rumber of graphs. These graphs appear in Figures 1 through 7.

Each Figure is for one value of ﬂt. Each Figure has several curves for
different values of box volume Ub. The curves are labeled for volumes ranging
from 2.0 Hasﬂt? to 16.0 “asutz' The frequency scales are calibrated from

.2 fsfﬂ[ to 2.0 fsfﬂt.

The ynusual units will probably make it difficult for most people to concept-
ualize what the graphs represent. Imagine a "benchmark woofer" with

= B e 3
fsfut 100 Hz and vasqt 1 liter or 1 ft

{ﬂ.awoufefr with fg = 15.9 Hz, Qg = .159, and Vgg = 39.6 liters or 39.5
ftd would Fi11 the bill.}

For such a woofer you can read the frequency scale directly in hertz

{ignoring the decimal points) from 20 to 200 hertz; and you can read
the curves as though labeled simply in liters or fti.

-

To apply the curves to any other woofer:

1} Pick the Figure for Ql‘. value closest to that of the woofer
you are considering.

2) Calculate the factor f_/Q, for the woofer and multiply the

frequency scale numbers by that factor to get the frequency
scale in herz.

1) Calculate the factor I'Iaﬁuiz for the woofer and multiply the

numbers that label the_curves by that factor to get the curve
labels in liters or Ft-.

Examination of these curves reveals some interesting facts. First of all,
it is evident that for a given woofer you have a range of useable box
volumes and bass cutoff (-3 dB) freguencies, rather than a single
“correct” box volume. The cost of this flexibility 15 some ripple in the
response curve, Even allowing only £1 4B of ripple, however, the
aliowable box volumes span a considerable range. For example, a woofer
with a 0 of .37 can be used in boxes with volumes from 2.0 to 11.3

*asntz to give cutoff frequencies from .35 to .63 fsfut. This is a span of

almost six to one in box volume, and two to one in cuteff freguency.

Also note that there is little difference in the curves from Figure to

Figure; the curves for a woofer 0 of 159 (Figure 1) are very similar to the
curves for a woofer Q of .20 (Figure 2}. This is because the normalization
technigue "factors out" the unwarranted sensitivity to compliance that injects
large variations into families of response curves plotted using other systems
of units.

This type of presentation also makes it possible for you to interpolate
between the Figures for intermediate values of qt if you wish to do so,

The cutoff frequencies for various combinations of woofer 0 and box volume
are summarized in Table 1. The figures given in the body of the Table are
limited to combinations that give +1 d8 of ripple or less.

Eemember that the curves in the Figures and the entries in Table 1 are

true only for designs that conform to eq. (9). The fact that eq. {9) yields
many designs with reasonable response shapes suggests that it is a2 worth-
while design tool.

The value of eg, [8) may be assessed by comparing the cutoff frequencies
it predicts (which are given in Table 2) against the exact values for the
cutoff frequencies calculated using the system response equation (which
exact values are given in Table 1), Comparison shows that eg. (B)'s
accuracy is rather poor.
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