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ABSTRACT

Small cabinet loudspeakers with a flat response are quite inefficient. Assuming that the frequency response
can be manipulated electronically, systems that have a non-flat SPL-response can provide greater usable
efficiency. Such a non-flat design can deal with very compact housing, but, for small drivers, it would require
a relatively large cone excursion to obtain a high SPL. However, mounting the driver in a pipe, the air
column can be made to resonate which enables the use of small drivers with a small cone excursion to obtain
a high SPL. For these special loudspeakers, a practically relevant optimality criterion, involving the driver-
and pipe parameters, will be defined. This can be especially valuable in designing very compact loudspeaker
systems. An experimental example of such a design is described and a working prototype is presented.

1. INTRODUCTION eter, and moving mass to yield a flat response over

There is a longstanding interest in obtaining a high
sound output from compact loudspeaker arrange-
ments. The introduction of concepts such as Flat
TV and 5.1 channel sound reproduction systems
has led to a renewed interest in obtaining a high
sound output from compact loudspeaker arrange-
ments with a high efficiency. Compact relates here
to both the volume of the cabinet into which the
loudspeaker is mounted as well as the cone area of
the loudspeaker. In conventional loudspeaker sys-
tem design, the force factor Bl is chosen in relation
to enclosure volume, suspension stiffness, cone diam-

a specified frequency range. For small cabinet loud-
speakers such a design is in general quite inefficient.
It is not possible to combine a very high efficiency
and a high sensitivity in a wide frequency range with
a compact arrangement. On the other hand, assum-
ing that the frequency response can be manipulated
electronically, it then turns out that systems hav-
ing a non-flat sound-pressure level (SPL) can pro-
vide greater usable efficiency, at least over a limited
frequency range [1, 2, 3]. Such a design can deal
with very compact housing, but requires for small
drivers a large cone displacement to obtain a high
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SPL. However, using a pipe, the air column in the
pipe can be made in resonance which enables the use
of small drivers to obtain a high SPL.

In the past much effort has been spent regard-
ing higher order band-pass systems using pipes, see
e.g. [4, 5, 6]. However, focus in that work was on de-
signing systems with a reasonably broad bandwidth,
while we are aiming for the highest efficiency which
implies a very small bandwidth, and hence a high
quality factor. We discuss these special resonant
loudspeakers which have a high SPL but require only
a very low cone displacement. The dependence on
the behavior of the transducer and its housing on
various parameters, in particular the force factor Bl
and pipe dimensions, is investigated. For these spe-
cial loudspeakers, a practically relevant optimality
criterion, involving the loudspeaker and pipe param-
eters, will be defined. The desired characteristics are
obtained at the expense of a decreased sound quality
and the requirement of some additional electronics.
It is discussed how such a special loudspeaker can be
made. It appears to be very cost-efficient and low-
weight, and has a high degree in form factor freedom
of its cabinet. An example of such a design is de-
scribed and the performance of a working prototype
is presented.

2. SPECIAL RESONANT LOUDSPEAKERS
WITH A HIGH QUALITY FACTOR @

There are well-known loudspeaker systems indicated
as ‘Acoustic Labyrinth Loudspeaker’ from [7], see
Figs. 1 and 2. In such constructions, the driver is
mounted into a relatively long duct with a length ap-
proximately equal to one quarter of the wave length
corresponding to the open air resonance frequency of
the driver. However, those systems did not aim for
a high quality factor ). Olney wanted to lower the
@, from curve A into curve B of the SPL response
of right panel of Fig. 2.

The essential feature of the present work is that we
are aiming for a high @ of the system by using a sys-
tem with a relatively long pipe as shown schemat-
ically in Fig. 3. A specified frequency fyorr sub-
stantially coincides with the Helmholtz frequency,
or anti-resonance frequency as shown as f, in Fig. 4.
This fuork is the frequency (or a very narrow band)
to which the low frequency content of the signal is
transferred, conforming to the mapping principle as

Fic. 1. Acoustical labyrinth with back removed.

Fig. 1: ‘Acoustic

speaker’ [7].

Olney’s Labyrinth Loud-
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Fre. 6.37. Acoustical labyrinth loudspeaker. The pressure response frequency
characteristic of an acoustical labyrinth londspeaker is labeled B on the graph. The
pressure response frequency characteristic of the corresponding open-back cabinet
loudspeaker is labeled A on the graph. [After Olney.)

Fig. 2: ‘Acoustic Labyrinth Loudspeaker’ from Ol-
son [8]. Olney’s aim was to lower the high @ curve
A into curve B of the SPL-response.
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introduced in [2], and which is further discussed in
Sec. 3. The Helmholtz frequency fj is the frequency
where the electric input impedance curve reaches
a local minimum between the first two impedance
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Fig. 3: Schematic construction of the loudspeaker.
a) Upper panel: band-pass enclosure with long port.
b) Lower panel: bass-reflex enclosure with long port.

we used the fundamental resonance frequency of the
system determined by the closed volume of the en-
closure and the driver, while the modes of the enclo-
sure were outside the frequency region of interest.
With a band-pass box, the working frequency fy,ork
then coincides preferably with f;, the first resonance
frequency of the system, see Fig. 4, whereas in the
reflex box case, the second resonance frequency is
utilized (f2 in Fig. 4). We define a frequency fo
in the case of Fig. 3-a as the resonance frequency of
the box with closed volume V; plus the driver, in ab-
sence of volume V; and pipe. In the case of Fig. 3-b
fo = fs, where fs is, as usual, the free air resonance
frequency of the driver. With a band-pass box de-
sign, usually fy coincides with f,. However, in our
application fj can differ considerably from f;. To be
more precise we allow values of fy within the range

0.4f, < fo < 2.5fp. (1)

In Fig. 5 the impedances and velocities occurring
in the system’s pipe of cross-sectional area S, and
length L, are given. The band-pass system is mod-

Log (|zil)

f fy o Frequency (log)

Fig. 4: The impedance of the driver mounted in a
pipe. The relevant frequencies are the resonance fre-
quencies f1 and f2, and the Helmholtz frequency or
anti-resonance frequency fp.

eled with the lumped element model according to
Fig. 6. The elements shown in Fig. 6 are given in
Table 1. Further we have for the total spring con-
stant of the driver suspension and the back volume
Vo (if there is any)

0008512
Vo

k= Cos , (2)
where pg is the density, and cg the speed of sound of
the medium, and C; = V;/(poc3S?) is the mechani-
cal compliance of the front volume V;.

421

Vp1

LS A4

< 8

Fig. 5: The mechanical impedances Z; and Zs, and
velocities vp1 and vy2 in the system’s pipe.

If the air is harmonically vibrating with a frequency
corresponding with the wavenumber &k = w/c and

AES 120t Convention, Paris, France, 2006 May 20-23
Page 3 of 11



Aarts et al. Efficient resonant loudspeakers
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Fig. 6: The mobility-type lumped-element model of
the system according to Fig. 5, vy is the cone veloc-
ity, other parameters are in Table 1.

velocity vpi, then the input mechanical impedance
7y is given by [9]
Ofozsp coskL, + jsinkL,

Zy o :
pocs, SinkLy + cos kL,

(3)

Z1 = pocoSp ;

The velocity at the end of the pipe is

Y
sinkL, + coskL,

'Upg = - 7
J pocoSp

Looking at Eq. 4, we see that at frequencies such
that Zo < pocoSp and sinkL, =~ 1, that vp2 can be
much larger than v,;. For these frequencies we get
a gain of

Yp2 _ P0C0Sp (5)

Up1 ]ZZ .
It is this gain that we want to exploit. Usually, in
higher order band-pass systems, one wants a certain
bandwidth but because we are interested to make a
resonator, the bandwidth may be very small. The
only limitation is the quality factor @, of the pipe,
which is discussed in Appendix A. In order to op-
timize the SPL for a certain but fixed input power,
we need to exploit the port resonance and to opti-
mize the force factor Bl for a given system geometry.
This particular optimal value for the force factor we
denote as Bl,.

In the following we want the calculate the SPL of
the system. Therefore we need first to calculate the
acoustic power P, delivered by the system. Using
Eq. 3 to determine Z; from Z5, Fig. 6 to determine
the cone velocity v1, and vp1, and Eq. 4 to determine
vp2 from vy, we can calculate the radiated acoustic

is the approximated real part of the radiation
impedance Zs in the low frequency 27 field. The re-
lation between SPL at 1 m distance and 7 [2, Eq. 32]
is

SPL = 112.18 + 10 log7, (8)

where the system’s efficiency is
Ti(w) = Pa/Pe (9)

and P, is the electrical power fed to the system,
which we consider in the following equal to 1 W (@
2.8 Q and 1.67 Vrus). Using Egs. 6 and 8 we get
the desired value for the SPL. The aim is to get the
highest possible SPL, but this results in a narrow
peak around fyork, with a high Q. It appears—Ilike
for the closed box system [2]—that if Bl is approxi-
mately equal to the optimal Bl that the highest peak
in the SPL curve is reached and that we have for the
electrical input impedance

‘Zi|f:fb ~ 2RE (10)

This relation appears to be very practical to see
whether the optimal Bl, has been chosen.

2.1. Resonant band-pass loudspeaker

Figure 7 displays the SPL in dB as a function of
frequency (solid-thick-blue curve), for the system
shown in Fig. 3-a; where m; has been increased to
24 g in order to obtain fy = f, = 55 Hz, Bl has the
theoretical optimal value of Bl, = 11.7,and V5 =2 1.
As a comparison the dashed red curve shows the SPL
of the same driver mounted in an infinite baffle with
the same excursion as in the band-pass box. Figure 7
clearly shows the extra gain in SPL we get as the dif-
ference between the peak and dip of both curves at
55 Hz, which is a result of Eq. 5. Figure 8 shows the
corresponding electrical impedance of the system.
The local minimum between the first peaks in Fig. 8
equals 5.6 €2, this conforms to Eq. 10, 2Rpc. In
Fig. 9, the actual loudspeaker cone displacement is
given. The maximum displacement reduction of the

AES 120t Convention, Paris, France, 2006 May 20-23
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Table 1: Fitted parameters of the prototype’s loudspeaker and pipe.
fs 83.79 (Hz)

free air resonance frequency

mechanical quality factor Qms 4.14 (-)
electrical quality factor Qes 0.429 (-)
total quality factor Qs 0.389 (-)
equivalent acoustic volume Vas 0.365 )
voice coil DC Resistance RE 2.80 Q)
total moving mass my 0.0088  (kg)
mechanical compliance Cms  0.00041 (m/N)
mechanical resistance R, 1.12 (Ns/m)
motor force factor Bl 5.50 (N/A)
membrane area S1 0.0025  (m?)
reference efficiency n 0.00049 (%)
produced sound pressure level SPL  79.076  (dB)
series lossless inductance L, 0.00044 (H)
mass Cmes 0.00029 (F)
compliance L.s 0.0124 (H)
mechanical losses Res  27.009 ()
Helmholtz frequency fo 55 (Hz)
front volume Vi 0.9 )
port length L, 1.00 (m)
Eff. port length L, 1.03 (m)
port area Sp 0.00145 (m?)
port losses R, 0.01575 (Ns/m)
port losses Qp 30 (-)

AES 120t Convention, Paris, France, 2006 May 20-23
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SPL vs FREQUENCY

90

SPL (dB, 2-pi Field)

60
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FREQUENCY  (Hz)

Fig. 7: SPL as a function of frequency. Port-only:
solid-thick-blue curve. Same loudspeaker in an infi-
nite baffle with the same excursion as the band-pass
box: dashed red curve. The parameters are accord-
ing to Table 1, except for m; which has been in-
creased to 24 g in order to obtain fy = f, = 55 Hz,
Bl has the theoretical optimal value of Bl, = 11.7,
and Vo =2 1.

ELECTR. INPUT IMPEDANCE vs FREQUENCY

INPUT IMPEDANCE (magn.) (Ohm)

\'\

10 100 110
FREQUENCY  (Hz)

Fig. 8: Electric input impedance (magnitude) as a
function of frequency. The parameters are according
to Table 1, except for m; which has been increased
to 24 g in order to obtain fy, = f, = 55 Hz, Bl
has the theoretical optimal value of Bl, = 11.7, and
Vo=21

CCONE DISPLACEMENT vs FREQUENCY

LS CONE DISPL. (Amplitude, mm)
=

10 100 110

FREQUENCY (Hz)
== LS in SYSTEM
=== LS on Baffle, for same SPL.

Fig. 9: Cone displacement as a function of fre-
quency. Loudspeaker in system: solid-thick-blue
curve. Same loudspeaker in an infinite baffle with
the same SPL as the band-pass box: dashed red
curve. The parameters are according to Table 1, ex-
cept for m; which has been increased to 24 g in order
to obtain fo = f, = 55 Hz, Bl has the theoretical
optimal value of Bl, = 11.7, and Vo = 2 1.

driver, see Fig. 9, coincides exactly with the position
of the top of the SPL-curve of Fig. 7.

2.2. Resonant reflex loudspeaker

Similar to the previous section, we will now study
the reflex system of Fig. 3-b. In Fig. 10, the SPL of
a system according to Fig. 3-b is shown. We see that
around the work frequency fyork = fp, the SPL of
the reflex- and band-pass system are practically the
same due to the very low displacement of the loud-
speaker. A deviation from the optimum value of
Bl is not critical, provided that it is not too large.
In Fig. 11 an example of a non-optimal Bl-value is
given. In this case, with the same configuration as
in Fig. 10, Bl has the value 2, i.e. a factor 0.17
of the optimal Bl-value. It appears that the maxi-
mum output no longer coincides with fyorx of 55 Hz.
The cone displacement reduction is much less sub-
stantial and not coinciding with the frequency giving
maximum SPL, also—but not shown here—the in-
put impedance Z; # 2Rg. In Fig. 12 an example is
given of the case that fi, # fo = 84 Hz, with a driver
having—according to Table 1—BI = 5.5.

Fig. 13 shows the corresponding electric input
impedance curve. Figure 12 shows—despite fi, #
fo—that the SPL curve resembles the one of Fig. 10.

AES 120t Convention, Paris, France, 2006 May 20-23
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SPL vs FREQUENCY
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Fig. 10: SPL as a function of frequency for the bass
reflex enclosure as Fig. 3-b. System: solid-thick-
blue curve. Loudspeaker: medium-thick dashed
red curve. Port only: thin-dashed magenta curve.
The parameters are according to Table 1, except
m1 = 20.4 g in order to obtain fy = f, = 55 Hz.

SPL vs FREQUENCY

SPL(dB, 2-pi Field))
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Fig. 11: SPL as a function of frequency for the bass
reflex enclosure of Fig. 3-b wit a non-optimal BI-
value. System: solid-thick-blue curve. Same loud-
speaker: medium-thick dashed red curve. Port only:
thin-dashed magenta curve. The parameters are ac-
cording to Table 1, except m; = 20.4 g and Bl = 2,
which is a factor 0.17 smaller than the optimal value
Bl, =11.7.

SPL vs FREQUENCY

et B

SPL (dB, 2-pi Field))
~—

0 100 10’
FREQUENCY  (Hz)

— SYSTEM

== PORT

Fig. 12: SPL as a function of frequency for the bass
reflex enclosure of Fig. 3-b, where fy # fp, fo =
fs = 84 Hz. System: solid-thick-blue curve. Same
loudspeaker: medium-thick dashed red curve. Port
only: thin-dashed magenta curve. The parameters
are according to Table 1.

The fact that f, and fy do not necessarily need to
be equal, gives more design freedom. A practical
consequence, for example, is that if fy > f;, then the
moving mass does need not to be increased to lower

Jo.

ELECTR. INPUT IMPEDANCE vs FREQUENCY
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Fig. 13: Electric input impedance (magnitude) as
a function of frequency corresponding to Fig. 12,
where fO 7& fba fO = fs = 84 Hz.

To demonstrate the large form-factor design free-
dom, one of the prototypes is shown in two different
viewpoints in Fig. 14, which is a folded version of
Fig. 3-b. The loudspeakers are mounted on top. We
used two because a single one with the desired cone
area and Bl was not available.
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Fig. 14: Drawing of the the experimental set-up.
The opening at the front of the pipe in the left draw-
ing is the ‘end of the pipe’. The cavity between the
drivers and the grey upper disc is volume V;.

3. FREQUENCY MAPPING

Due to the typical high and narrow peak in the
frequency response, see Fig. 7, the normal operat-
ing range of the driver decreases considerably. This
makes the driver unsuitable for normal use. To over-
come this, a second measure is applied. Non-linear
processing essentially compresses the bandwidth of a
20 to 120 Hz 2.5-octave bass signal down to a much
narrower span, which is centered at the SPL peak
of the system. This can be done with a set-up as
depicted in Fig. 15 and will be discussed below.

siny t

. — BPF —> Env. Det

Fig. 15: Set-up of the mapping scheme. The boxes
labeled ‘BPF’ and ‘Env. Det.” are a band-pass filter
and envelope detector, respectively. The sinusoid
has a fixed frequency equal to fyorx. The signal
Vout is fed to the power amplifier and finally to the
driver.

The band-pass filter takes the band of interest, typ-
ically 20-120 Hz, and the envelope detector deter-

mines the envelope m(t) of this signal. Then m(t)
is multiplied with a sinusoid of fixed amplitude and
fixed frequency fuork. The result is that the coarse
structure m(t) (the envelope) of the music signal af-
ter the compression or ‘mapping’ is the same as be-
fore the mapping. Only the fine structure has been
changed to a sinusoid of fixed frequency forr Which
coincides with the peak in the SPL response.

4. EXPERIMENTAL RESULTS

The frequency response and the electric input
impedance of the system, as shown in Fig. 3-b. was
measured. The measured impedance was used to
determine the driver and pipe parameters which are
listed in Table 1. The open end of the pipe, the
other side, and the microphone were at the corners
of an equilateral triangle with sides of 1 m. The fre-
quency response of the system when driven with 1 W
power is shown in Fig. 16 (solid-blue curve). The
frequency response was computed as well. The pipe
length L, and the @, of the model parameters were
chosen such that it resembles the measurement. The
computed result is plotted as the dashed-red curve
in Fig. 16. The corresponding measured and calcu-
lated electric impedance of the system is shown in
Fig. 17. It appears that the computed result matches
the measured result quite well, this is while the pa-
rameters L, and ), are sensibly chosen as discussed
below. The physical length L, of the pipe is equal
to 1 m. Due to the complex radiation impedance of
the pipe, it seems that the pipe is longer. This is
known as the end correction [9]

Ll = L, +0.6r,. (11)

When the port losses R, = 0.01575 Ns/m are in-
troduced into the calculation we get a good resem-
blance with the measured data. We consider I, here
as a total (including the radiation losses) lumped
mechanical-impedance parameter at the end of the
port, i.e. R, is equal to the real part of Z (see
Fig. 5), while for the radiation computations we use
Egs. 6-7. To demonstrate this effect: if we neglect
the port losses we obtain the curves corresponding to
Figs. 16 and 17 shown in Figs. 18 and 19 respectively,
which shows that the peak in the SPL around 55 Hz
could have been a little higher. It appears also that
the other peaks at higher frequencies become much
higher.

AES 120t Convention, Paris, France, 2006 May 20-23
Page 8 of 11



Aarts et al.

Efficient resonant loudspeakers
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Fig. 16: Measured and calculated frequency re-
sponse of the system as shown in Figs. 3-b. The port
damping in the calculation was R, = 0.01575 Ns/m.
Solid-blue curve: measurement, dashed-red curve:
calculation.

Impedance
35

1z1e)

i
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Frequency (Hz)

Fig. 17: Measured and calculated electric impedance
of the system as shown in Figs. 3-b. The port
damping in the calculation was R, = 0.01575 Ns/m.
Solid-blue curve: measurement, dashed-red curve:
calculation.

Frequency Response
T T

100

90

Amplitude (dB)
~
=)
T

60—

50

o

i
100 1k
Frequency (Hz)

Fig. 18: Measured and calculated frequency re-
sponse of the system as shown in Figs. 3-b. The
port damping was almost neglected in the calcu-
lation. Solid-blue curve: measurement, dashed-red
curve: calculation.

Impedance

1Z10)

I
100 1k
Frequency (Hz)

Fig. 19: Measured and calculated electric impedance
of the system as shown in Fig. 3-b. The port damp-
ing was almost neglected in the calculation. Solid-
blue curve: measurement, dashed-red curve: calcu-
lation.
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5. DISCUSSION

An old loudspeaker designer’s dilemma is ‘do we
want a high efficiency or small enclosure?’. This
dilemma is partially solved by using the high-Q
band-pass box concept as discussed above, however,
at the expense of a decreased sound quality and the
need for some additional electronics to accomplish
the frequency mapping. While the new driver is not
a HiFi one, many informal listening tests and demon-
strations! confirmed that the decrease of sound qual-
ity appears to be modest; apparently because the
auditory system is less sensitive at low frequencies.
Also, the other parts of the audio spectrum have a
distracting influence on this mapping effect, which
has been confirmed during formal listening tests [10],
where the detectability of mis-tuned fundamental
frequencies was determined for a variety of realistic
complex signals. Finally, the part of the spectrum
which is affected is only between say 20 to 120 Hz, so
the higher harmonics of these low notes are mostly
out of this band and are thus not affected. They
will contribute in their normal un-processed fashion
to the missing fundamental effect. All these factors
support the notion that detuning becomes difficult
to detect once the target complex is embedded in a
spectrally and temporally rich sound context, as is
typical for applications in modern multimedia repro-
duction devices [10].

6. CONCLUSIONS

The force factor Bl, enclosure, and port design
play a very important role in loudspeaker design.
It determines the efficiency, the sensitivity, the
impedance, the SPL response, the weight, and the
cost. It appears to be not possible to obtain both a
high efficiency as well as a high sensitivity in a wide
frequency range. A new loudspeaker has been devel-
oped, which, together with some additional electron-
ics, yields a large form-factor design freedom. Addi-
tionally, it can be a low-cost, lightweight, compact,
sensitive, and efficient loudspeaker system which is
very suitable for low-frequency sound reproduction.

IDemonstrations are on http://www.dse.nl/ rmaarts
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APPENDIX A: THE ACOUSTIC QUALITY FAC-
TOR OF THE PORT
The quality factor @, is defined [11] as

Q, = wEyot
p — )
Ptot

(12)

where P, is the total port power due to radiation,
thermal and viscous losses, and is related to the total
(lumped) port losses R, as

1
Ptot = §|Up2|2Rp. (13)

In simple harmonic motion, the total energy in
a cylindrical pipe containing a standing sinusoidal
wave with maximal velocity vy at one end may
be written as the maximum kinetic energy which
is equal to

1
Eip = zpvf)QSpr. (14)

Combining Egs. 12— 14 results in

wpSpLy
Qp=—p > (15)
b 2R,
or for a pipe of length L, = A/4 = ;5
wSppc
Q="1e (16)

This Eq. 16 is a convenient way to relate the total
pipe losses R, to the total @), of a quarter-lambda
pipe. The @ due to the radiation (27-field) only is

cLy,

Qrad = m, (17)

and for a baffled quarter-lambda pipe

CQ

Qrad = W .

(18)
For frequencies in the bass range we get—using
Eq. 18—values for ,..q which are more than ten
times higher than the observed total ), which is
usually less than 50. Apparently, the radiated acous-
tic power contributes only in a very small extent to
the total damping (R,qq < R,).
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