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A loudspeaker system of only 0.025 m’ internal volume capable of radiuting an

acoustic power in excess of Vyy W at 32.7 Hz in pairs is described. Each com
consists of the loudspeaker in its enclosure together with a complementary

are system
er of the

type described by Thiele as his alignment 15. Unusual features include a veni substitute

appreciably larger than the main radiator.

INTRODUCTION: The republication of Thiele's elegant
paper on vented-box loudspeaker systems [1] has caused
the writer to take particular note of the possibilities in-
herent in properly executed systems of this type. This
- paper initially presents a review of the efficiency and
| cone excursion characteristics of direct-radiator loud-
speitk;&r systems and some of the ways in which these
matters affect design. These considerations lead to the
design of a specific system having a sixth-order Butter-
worth class I response. The resultant system is of a small-
size format particularly suited to domestic use.

EFFICIENCY AND CONE EXCURSION
CONSIDERATIONS

Thiele describes 28 selected methods of properly co-
ordinating loudspeaker and box variables so as to permit
the fabrication of vented-box systems to achieve specific
response characteristics. By this time it is assumed that
most individuals concerned with electroacoustic trans-
ducer design are acquainted with this information. Intro-
duced in the article are relations describing direct-radiator
conversion efficiency as a function of loudspeaker param-
cters and alsc cone excursion as a function of power

* Presented September 12, 1972, at the 43rd Convention of

the Audio Engineering Society, New York.

450

A

output, fregiivncy, loudspeaker size, and aligr
fics. These matters are of very special inten
signer of loudspeakers because they are at
tions of designing a system once maximum
and cutoff frequency are established in the i
vironment. Io this manner an important
output power (and hence sound pressure le
listening environment} to required inpu
excursion, and system type may be estal
Consider first the efficiency
radiator systems presented in Thig

wherc

Mok

e ll, eq

oy = 8 X 10 ~12}8¥, /0, (1)

o)

basic efficiency for radiation into

dians (all space)} at frequencies for &
wavelength is longer than the cor
ference (below about 700 Hz fom

loudspeaker)

free-air resonance of loudspeaker, in Hz
! :

air volume equivalent of acoustic stiffness of
loudspeaker, i cubic inches

O of loudspeaker considering ¢
damping only.
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With certain assumptions it is possible to recast Eq. (1)
into a form more directly related to the parameters of
the loudspeaker system rather than to those of the loud-
speaker alone. Small [Z] and more recently the writer
have used a form that may be writien as

np = 16 X 10-12 /3 V, K (2)
where
& np cfficiency for radiation into 2% steradians
{half space)

fa haif-power (—3 dB) trequency ol system rel-
ative to its constant output region

V, internal system volume, in cubic niches
K efficiency factor dependent on sysiem type.

The derivation of this equation is detailed in Appendix
1. This relationship has been noted by several authors
13}-[5] and was recently commented upon in some detail
by Small [6].

Perhaps the most striking matter indicated by Eq. (2)
is the extreme penalty incurred in reaching for low fre-
quencies with a given volume and K: every octave of
response is paid for with 9 dB of conversion efficiency.
Because extended low-frequency response coupled with
moderate system size is usually of high desirability in
‘domestic applications, it is of special interest to mini-
‘mize the 9-dB per octave penalty. Eventually the pay-
ment of this penalty leads to excessive input power
requirements and possible burnout of the loudspeaker.
© * An examination of the K factor indicates that unequal-
ized sealed systems usually have values of 1 to 2, and
"unequalized vented systems (‘Thicle’s alignments 1
through 9) have values of about 3 to 4. However, Thiele’s
sixth-order class I alignments (15 through 19) can have
K wvalues in the range of 9 to 18. These alignments Te-
quire the use of auxiliary filters as a part of their concept
with the filter chiefly functioning in the system’s first
octave. Peak boost values of 6 to 13 dB are required
depending on the alignment used. It is this boost, which
increases amplifier power output to compensate for fall-
ing loudspeaker system efficiency in the first octave, that
dccounts for high effective K values of these alignments.

Small [6] points out several useful ways of utilizing
the K advantage of a fourth-order Butterworth vented
system (Thiele’s alignment 5) as compared to a second-
order Butterworth sealed system:

(1) For the same ¥V, and f, cfficiency may be in-
creased by a bit over 4 dB.

(2) For the same elficiency and f;, V p may be reduced
by a factor of almost 3.

(3) For the same efficiency and Vg, f, may be reduced
by a factor of 0.73 or about one half octave.

if a similar comparison is made between a sixth-order
Butterworth vented system (alignment 15) and a second-
order sealed system, the efficiency increase is about 8 dB,
the volume reduction factor is about 6, and the reduction
in 75 is a factor of about 0.55 or 7s octave. The addi-
tional advantages that are gained over alignment 3 in
these areas are due to the increased K value of align-
ment 15 which is made possible by the use of the re-
guired auxiliary filter.

Thicle’s. alignment 19 offers the greatest differential
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Fig. 1. Relative cone excursion versus freguency for ules-
worth-aligned sealed and vented loudspeaker systens.

in u comparison of this type with an efficiency inireese
of 11 dB, a volume reduction factor of 13, and &
sible f, reduction of a factor of 0.43 or 14 octave
additional bonus in advancing from alignment 15 o
comes at the expense of an increase in maximum
jary circuit gain which must rise from 6 to over |
Also, alignment 19 (and several alignments preceding
requires maximum auxiliary circuit boost to ceuu

cone excursions are rapidly climbing. These
are perhaps rather severe in view of the retus

The potential offered by increased K i
valuable if a corresponding reduction in the
cursion necessary to radiate a desired amot
at a given low frequency is not also forthcoming
example, an opportunily to reduce f; leads 1
cursions that are not attainable (or the required
sions lead to unacceptable distortion levels]
dilemma is posed.

Fortunately relief is at hand as indi
cquation for peak cone excursion [, eq.

X = JL3TXK LOS (W )1 /f %851

i

[(Fo/ )2~ (h /1) | E

where
¥, half the total peak to peak cone excursion, i
inches
W, acoustic output, in watis
/, box tuning frequency, in Hz
S, piston area of speaker, in square inch

E(jw)

response charasteristic given by tha
system alignment,

A plot of normalized cone exCcursion versus nc
frequency for constant power input is shown i
for Butterworth vented-box alignments {solid
and also for a second-order Butterwerth seabsd
(dashed curve). Note that f, equals fa
responses.

The following observations may be made fiom
excursion information in the passband response
above f,:

(1) The sealed sysiem has its maxirum exeursion
f, while the vented system has its minimium pla
point (the vented system maximum ocvdrs it i :

(2) The vented system raxinuun excursion in thi
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passband is only 0.35 that of the sealed system for the
same acoustic output.

(3) Above about 3 f; the vent becomies inoperative
causing the excursions for both system types to become
the same for equal acoustic outputs.

The implications of the 0.35 ratie for maximum cone
excursion in the loudspeaker system’s passband is very
important. Because of this the vented system can pro-
duce 9 dB more acoustic output for a given speaker size,
fs5, and excursion limit; or the speaker cone diameter fon
the vented system can be 0.6 times that for the secaled
system for the same f, acoustic outpuf, and excursion
limit; or further the . for the vented system can be 0.6
times lower for a given speaker size, excursion limit,
and acoustic output.

It is an interesting coincidence that the potential re-
duction of f; by a factor of 0.55 at constant system
volume and efficiency described earlier (in comparing
a Thiele alignment 15 to a second-order Butterworth
system) is almost exactly maiched by the ability to re-
duce f5 by a factor of 0.6, based on cone excursion con-
siderations alone. The implication clearly is that the use
of a vented system with a sixth-order Butterworth char-
acteristic to achieve a substantial reduction in f4 not only
does so without volume or efficiency penalties, but also
maintains power ouiput capability without any change
in cone ¢xcursion requirements.

SOUND PRESSURE LEVEL REQUIREMENTS
FUR HOME LISTENING ENVIRONMENTS

Tust how much acoustic power is required for satis-
factory listening levels in domestic environments? The
first step in seeking an answer to this question is to note
that peak values of sound pressure level (SPL) typical
of many musical performances appear to be of the order
of 100120 dB. Olson [7] notes a value of about 100 dB
“to render full artistic appeal.” Stark [8], [9] suggests that
levels approaching 115120 dB may occur on high
power transients and notes actual measurements on a
pipe organ that are just shy of 105 dB on low-frequency

- peak pressures. Massa [10] suggests levels of the order
of 110 dB (or 100 dyn/cm?) for realistic reproduction.

It may be verified through information available in
Beranek [11, eq. (10.66)] that 110-dB SPL in the rever-
berant field of a room with a room constant of 200 ft*
requires about 0.4 acoustic watt of loudspeaker output.
Such a room could have a volume of the order of 3000
18 and might represent a “typical” living room environ-
ment for home listening.

Assume that occasionally all of a 110-dB peak level
may be required near the region of peak cone excursion
(admittedly a worst case type situation). Thiele [1, eq.

(5emm)

Table 1. Frequencies at which 0.2-in peak excursion occurs for paired sealed systems of various nominal sizes for 1
105-dB SPL. Also shown is the effect of a B. sealed to B, vented system conversion if the sealed system frequencies ar

(81)] derives an expression for peak cone excurst
(in inches) for a sealed-box system considering r
into 4= steradians or all space given as

Xy = 13X 15V W, /28, {4y

If it is further assumed that typically very low-frequ
radiation from a pair of systems ocours into =
steradians (Va4 to %2 space, averaged here as %%
radiation) and that 0.4-W total ocutput is reguired
about 0.2-in peak (0.4-in total) excursion being avail
irom each system before the onset of seripus ¢ri
tortion, then Eq. (4) may be solved for 4f, where
the frcz uency at which the 0.2-in peak ﬁ\bﬁur"iﬁﬁ
and 4 is the piston diameter in inches. This
is detailed in Appendix 1.

The solution for 110-dB (0.4-W} oulput is

df = 480,

The expression may similarly be solved for 105 45 {0
W required), yielding

df = 360. {6}

Working {rom these expressions, Table 1 gives the cal
lated cutofl frequencies attainable for peak
levels of 105 and 110 dB using pairs of sealed
with 8-, 10-, or 12-in loudspeakers, having 0.4-in
peak cone excursion,

Oddly enough the 110-dB level results are r
typical of the resonance frequencies of mans
tems. Additionally the 105-dB levels are fairly
tative of several more recent sealed systems that
had their low-frequency limits pushed a bi
is perhaps usual. Conversion efficiencies of
cent for 3% space radiation are often 1
form systems requiting 40-160-W peak in
.4 W for the df = 480 s}sicms :hc :z/ = 3H{

require a similar input power to achieve their lowsy
maximurn output for the same enclosurs volume ‘

It will be recalled from an earlier discus
3W11Lhmg from a second-order Butierworth sea

a fourth-order or sixth- Omiur {class I} Bu
vent&.d system would yield a potential reduc
factor of 0.73 or 0.35 in f,, respectively, based on
ing system volume and efficiency the same, and & ¢
tion by a factor of 0.6 in /, based on keeping
size and excursion the same. Taking the net
duction factor as 0.6 for the sixth-order {m,,‘.
alignment reduces the df expressions to 280 for 11
SPL and to about 215 for 105-dB SPL, Keep :" :
that peak passband excursion occurs at 1.45 f,
vented system so that the f in the df expression be

strued {o be low-frequency limits for a 0.2-in peak passband excursion.

Scaicd—Syatcm Frequer

Nominal » ) 0.6 May He Inferred £
Loudspeaker Pistosn Freguency at Which 0.2-in Peuk ¥xcursion B. Sealed o 8, Vented
Diataster Piiamisier Oceurs Tor Sealed Systems (onversion}
(inches) {inches) ! 1() dB SPL 10» dB %Pf 110-dB SPL {}
8 614 74 55 45 \
10 814 58 44 15
12 10 4% 36 29
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}"ig 2 \fmui detuils of loudspeaker system with main

loudspeaker a Iso shown in partial assembly to illustrate in-

terior details.

an equivalent low-frequency limit for the same peak pass-

band excursion possessed by the sealed sysiem. The last
two columns in Table I list a new set of frequencies re-

 sulting from the 0.6 reduction factor being applied to the
two preceding sealed-system cutoff frequency columns.

A SPEC!FIC LOUDSPEAKER SYSTEM DESIGN

Examination of the preceding information led to an

interest in creating a system capable of radiating reason-

ably high SPLs in domestic environments to ¢, (32.7

~Hz) in a modest-size envelope (of the order of 1 [t%) at

a moderate but generally usable efliciency level. The ap-

proach invelved using the smallest loudspeaker adequate

for the purpose because this helps in maintaining constant
power ‘output to the highest possible frequency and fits
readily into an enclosure of modest size. The small loud-
speaker size lent itself to a two-way system design with
a crossover frequency near 1500 Hz.

The 33-Hz potential of a 6-in piston (8-in loud-
speaker) in a sixth-order Butterworth vented system
noted in the previous tabulation appears to be a most
attractive solution for domestic enviromment SPLs of
satisfactory value. Assuming about % -ft® internal volume,
such a system provides 35 space conversion efficicncies
in excess of 0.5%. The previous information suggests
that Thiele’s sixth-order Butterworth class T alignment 15
has the particularly interesting property of a high K value
coupled with niodest auxiliary circuit boost characteris-
tics as well as the excursion advantages shared by all
Butterworth-type vented-system alignments. It was con-
sidered desirable to build a system based on this align-
ment because of these potential performance advantages.
In addition, a by-product of this alignment’s required
auxiliary filter is the 12-dB per octave electrical reduc-
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tion of loudspeaker input below fs. This reduces cong
excursion in a frequency region where limited
acoustic output is produced at the expense of éi'
that can result from an overdriven loudspeaker.
ter also frees the amplifier from expending powe
such expenditures can do little except add to distos
it can also be shown that using alignment 15
an unfiltered number 5 causes a smaller n
to be required if enclosure size, f., and speaker
the same, even though alignment 15 is approximately 4
dB more efficient.

A complete loudspeaker system designed on s
principles is shown in Fig. 2 together with some ini
details of the 8-in lowdspeaker which is shown in partd
assenbly in front of the system. One feature of the o
loudspeaker is a J4-in diameter hole through the
structure’s center pole to relieve pressure haxhﬁu‘g
the dust cap, The loudspeaker is completely sealed: us
a solid dust cap and a nonporous polyurethane hal
surround fo avoid system leakage losses. Addition
may be noted that the center pole is undercut 5
conducting sieeve fitted over its entire length, ¢
the pole face. The sleeve, however, is includec
of reducing second harmonic distortion which i
by modulation of the speaker’s permanent f
voice coil signal [12].

A somewhat unusual feature of the system 15 1
substitute in the form of a comphant weighte
substantially larger than the muin radiator. i
be argued that there is little point in using
complicated drone or vent substitute in pl
vent unless port length and diameter are such
cause excessive turbulence or viscosity losses. |
of this system the writer never advanced i
these maiters as the turbulence-induced wind aot
with the application of several turbulence-r
measures such as flanges and smooth surfaces
judged to be excessive when using small vent
Additionally, the vent volumes neceded for even
vent areas were of the order of 25-40% of the
hox volume in order to tune the smull anclosure 1
Hz Thiele's comments [1, section X} relutive to the
desirability of vent resistance was also strikingly #
at the high vent air velocities near f; where even o
wire vent coverings would noticeably reduce vent «
and increase loudspeaker excursion appreciably, o
the usage of grille cloth essentiadly impossible.
substitute was quickly subseribed to having properies of

% |
if
1

fig. 3. Vent substitute removed from end




Fig. 4. Response at 15 kHz of tweeter with (sohd) wnd
without (dashed) directivity decreasing device.

jow suspension stiffness, low suspension fosses. and o
moving imass equivalent to the weight of the air that
would be contained in the real vent. With the preknowl-
edge that at least Y4z W could be radiated by the vent
substitute mear tuning, the sealed-box excursion equation
noted earlier was used to determine that a 1U-in piston
would be required to move about % in peak to peak or
more than Y2 in if e W were to be exceeded. This pis-
ton size was adopted as being prudent.

Fig. 3 illustrates the vent substitute removed from the
enclosure. The central steel tube serves as the weight
and connector between the two suspension clements
which are separated by over 5 in jn order to casure
one-dimensional motion without appreciable rocking. The
real vent that this tube replaces is 10 in in diamcter and
20 ft long.

Another detail of the complete system thal may be
secen in Fig. 2 is a simple twecter directivity decreaser.
This consists of an absorber with a central hole and &
carefully selected absorption characteristic which absorbs
little in the lower twecter range but reduces the tweeter’s
effvctive size at very high frequencies through increasing
absorption of energy not passing through the centrul
bole. Fig 4 illustrates the decreused directivity in the
vicinity of 15 kHz caused by this device. Necessary
equalization to overcome absorber iosses is incorporated
into the active filter shown in Fig 5. Not evident in Fig.
7 is a rear-mounted tweeter used primarily to touch up
the total power output of the system in ils upper octave
to provide a nearly flat power sutput churacteristic with
low directiopality, Fig. 6 sbows both the powcer response
and the axial anechoic response of the system as meus-
ured. A control incorporated into the equalizer allows
the power characteristic to be rolied off to the extent of
~3 and -6 dB at 10 kHz if the program muterial
should require this. Although tweeter power handling is

Fig. 3

Auxiliary fiher or equalizer.
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reasonable, provision is made on the rear of the sy
for installation oi a mechanical tweeter disconnec

Such a device may prove prudent when
reudily

power amplifiers now becoming
used, thereby avoiding difficulties inherent with ¢
- high speeds

spectra caused by tape rewinds
heads partially down, acoustic feedback, or

excessive input. The characterstics of the ace

connector are such s o not affect high power #

gy

~nllisecond durations but to eventuaily disconuect

linuous sverage sine wave inputs of the order of ©
{

midtisecond,

application is continued for 1y of
permitting short-term musical frunsie

ts 1 be pi

* T
i |
it i
. =L 8 .«I. 8 +-]
| L {
= 14
7 i
i i !
Ol
I
1 i
!
i
:
: 1
N ;
{873 St 10 W

Fig. 6. The nature of power (tep
loudspeaker system.

Shown i Fig. 7 is the power

i :
[S41 =R 41

the unit as governed by either
woofer excursion before serious disioruoen
in) or the maximum long-terin power i
(about 30 W) or tweeters {3 W cuch).
emphasized that outputs wre often s
pairs resulting in paired outputs g
over the displayed mformation in un aver

cept in the region of musimum wooler
45 Hz), the system should additionaiiy
handling short-term inputs of several fhe
mput capacitics of the loudspeakers, In viewing

it should be kept in mind that an output ol sbout ©
i capuble of producing 100-dB SPLs dor the dumg

roont conditions presumed carher.
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APPENDIX |

‘Thiele's efficiency equation, noted previously as Fy.

(1), gives the pominal etheeney of u direct-radiator

Joudspeaker in terms of the three measured quan

[ ¥ and @ It is often more convenient or ¢oms

&0

tive 1o think of the efficiency in terms of loudspeake:
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system guantities instead. To do this it is first assumed
that the major contributor to the loudspeaker Oy is due
to electromagncetic damping, making it possible to re-
place Oy by Qp so that Eq. (1) may be written as

8 X 10-127.3
Nop = g . (7)
Oy

Thiele's C,¢/Cyy table entry may be replaced by
Vi:/Vp = a for enclosures not containing damping ma-
terials {11, eq. {5.38)]. If Thicle's table entry for 7y /f, ¢
A, the equation may be written as

B iy ‘i"!lra )
s {8}
B0y

!
it

g

Calling o, %0y = K and rewriting for radiation mto 2s

steradians (2 space) wouid give the Eq. (2) form:

(9}

‘The tactor K may be \‘mm&u} for any of Thicle's align-

ments using the value B, and Uy given in [,
Table 1J.

In the case of scaled systems it is possible to wiite
f3 = ¥f¢ (where f; is the sysiwnt resonance ). K niay then

be written out as

S (10
?,ﬂ }f % {?1’ )

It may further be noted that if resonance frequency
changes are presumed to be caused only by stillness
added by the enclosure, and if no damping materials are
used, then from {11, eq. (5.13)],

where (O, is the system Q at /.
Substituting and rearranging then vields

E i i s {12)

JE e > > 1 (a characteristic of many small scaled sys-
tems ), then

K == s (133
PAR s
For Butterworth response scaled systems (4 ioand
Ope = 1/ 2) this reduces (o
. i -
- J TR ‘\! 2. {14}
Cre

APPENDIX §

It 15 possible to arrive at the of = 480 (10-dB SPL}
and df = 360 (105-dB SPL) results by starting with
[1, eq. (81)]

L3 X 10P\ W,
Xyp T e e L (153
/ 3y
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Fig. Available power ouiput of one loudsp
as Iy mteJ by excursion or very long \{hua(!&)[} :
capacity. € dB is equivalent to 1 W owiput {:
114 dB in the “typical” enviconment describ
Note that two ioudspeaker systems may
more output,

This equation  presumes radiation
Since W is proportional (o the rad
{11, eq. (7.3)] and Ry is essentially
t:onal to the solid angle of radiation 8, the pr
ton may be writien as

By substituting
calling # = 3/2«
at 6.2 in, the equation may b

dj = T3\ W, iy

Adsuming a room constant of 200 42
wintion by the reverberant sound held,
that {11, eq. (10.66)] SPis ]
sent outputs of 0.4 and .127

It these fotul outputs are assuned
shared by two systems so that B s respect
3.0635 W frot an individual system, then ¢
about 480 (110-dB SPLY and 360 (103.d8 S

"K, (xﬂ.jh,

REFERENCES

P A N Thicke, "1oudspeabers |
L7 T Awdin Eng. Soc.. vol. 19,
“Loudspeakers in Vented Boxes:
485 (June 1971,

L,Bj R. H. Small, “Dircot-Ra
Loudspeaker Systems,” Ph.ly diss
Syduney, Australia, pp. 3.3-3.9 and

[31 B, J. Jordan, “Loudspeaker
World, vol. 76, no. 1423, pp. 1-6

{4} H. Kloss, "Loudspeaker Desiz an,’
pp. 30-32 and { March 1971

{31 1. D. Finegan, “The In .t}f chgm
Volume. Low Frequency 5~{munar
Acoustic bSuspension Systems. pres
vention of the Audio b WW\LZH
1970} .
i H. Smal. ¥
speakers Systems.” AL
vol. 19, op. 862-863 (Nov
H. F. Olson,
New York, 1960}

4'3 [.:"fi:f» ¥, ¥ f‘: S3




