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Fig. 3. Full engineering drawing of
cabinet (see left)

evaluating various cabinet shapes, con-
centrating on those which could be
build by the amateur and which would
be pleasing to the eye. Further points of
consideration are cabinet diffraction
effects and the need for staggered drive
units. The only rectangular panel is the
baffle but here the drive units them-
selves break up the standing wave
patterns. The chamfered corners at the
front of the cabinet help reduce acoustic
reflections which naturally occur at
sharp boundaries.

A cabinet based on this shape was
built and compared directly against the
original. The latter cabinet never
showed any signs of boxiness, indeed
the triangular bracing and extra thick
rear wall should have eliminated any
such possibility. The new cabinet de-
finitely sounds better and experiments
have shown that it is not a simple dif-
fraction effect. The difference seems
particularly audible on male speech, the
new cabinet being slightly more mellow
in character. Interchanging the drive
units and crossover proved that the
cabinet itself was providing the dif-
ference. NB: Those readers who wish to
retain the original cabinet whilst
updating the tweeter can easily do so
provided, of course, the new crossover
network is installed. The improvement
is still worthwhile.

Construction of the cabinet is much
the same as the original design, but the
use of non-rectangular joints means
that a multi-angled power saw and
circular sander are almost mandatory.
The overall method of construction is
essentially the same as the original
article. There is, however, an additional
bracing piece which is placed between
the centres of the two side walls of the
cabinet, these two walls being the
weakest. This bracing piece should be a
tight fit which is glued prior to ham-
mering into place. The internal walls of
the cabinet are coated with a layer of
car underseal (or Rubberoid mastic,
available from builders merchants),
then about 75% of the available wall
area is further damped by pinning on
bitmus felt panels. The recommended
acoustic wadding consists of two rolls
of 2in BAF, each roll formed from a
piece 3ft X 9in (914mm X 228mm). The
rolls are fitted into the top and bottom
halves of the cabinet, separated by the
centre brace.

When the drive units are fitted to the
baffle a new piece of timber (12mm
thick) is fitted to present a continuous
surface between the bottom of the
tweeter diaphragm and the top edge of
the bass unit, which functions as an
anti-reflection fillet. This prevents un-
wanted acoustic reflections from the
top of the bass unit sub baffle (Fig. 4).

The crossover circuit

This is the most complex area of any
loudspeaker design and is in this case
the result of considerable thought. Over
the past few years, several manufac-
turers have produced loudspeakers
which preserve waveform fidelity,
claiming that waveform distortion is
audible. The 4th order crossover net-
work produces gross waveform distor-
tions (Fig. 5) which should be audible
were the ear sensitive to phase shifts. A
simple test was arranged in order to
make listening tests of this distortion
and an active network of the type
shown in Fig. 5 was built to simulate the
effect of such a circuit. This was in-
serted into the feed to a studio monitor
loudspeaker via a switch. By switching
the network in and out, this waveform
could be introduced. The loudspeaker
used in the test had its own minor
waveform distortion, but further
distortion should still show up as a
difference. None of the three listeners
(all experienced hi-fi enthusiasts) could
detect any difference using either music
or white noise sources, although, when
a square wave at 500Hz was applied a
slight tonal change could be heard.
Further tests showed that there was a
0.25dB gain difference between the high
and low pass filters. This error was
corrected and the tests resumed. Now
no difference could be heard at all with
any type of source, emphasing just how
carefully any test should be controlled
before attaching significance to the
result.

At least one other designer has
arrived at the same conclusion for the
4th order crossover network. This in no
way implies that phase distortion of any
kind cannot be heard since gross errors
have been proved audible, but that the
level introduced by this type of
crossover is inaudible.

One of the most important parts of
any crossover network is the method of
compensating for drive unit deficiences.
Early theoretical work showed that
the on-axis pressure response of a direct
radiator would rise with increasing
frequency (tending towards 6dB/
octave), this being coupled with a
reduction in the radiation angle. The
exact frequency at which this effect
starts to become significant is a com-
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Fig. 5. Active filter network showing
typical 4th order waveform distortion

plex function of the effective cone
diameter, the shape of the cone and the
velocity of wavefront propagation
across the cone surface. The rising res-
ponse is coupled with cone resonance
effects (the drum effect, also known as
“bell modes,” is explained mathemati-
cally in ref. 2), cabinet diffraction
effects, roll surround reflections, the
voice coil inductance and the high
frequency cut-off between the voice coil
and the cone. All these effects will
combine to produce an on-axis pressure
response which is complex and difficult
to understand.

Any practical crossover will attenipt
to compensate for the overall effect
rather than for individual effects, and

(a)

( S

Frequency (Hz)



52

no single network has been found which
will give the desired response. However,
a combination of two cascaded func-
tions helps to solve the problem. The
first is the addition of a suckout filter,
the second a modification of one of the
Butterworth low pass filter sections.
The crossover frequency has been set at
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Fig. 7. Suckout filter circuit and
related equations
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Fig. 8. 1.2kHz filter circuit and network
conditions

2.2kHz, but one of the low pass Butter-
worth filters has been lowered to give a
—3dB point at 1.3kHz. This results in the
voltage applied to the terminals of the
bass unit emerging as shown in the
left-hand response of Fig. 6. The tweeter
needs only one compensating network
for a peak of 3.5dB at 11kHz. The suck-

— Frequency

out is evident from the right-hand res-
ponse of Fig. 6 which is the signal
applied to the tweeter.

The principle of cascading 2nd order
Butterworth filters to produce the 4th
order high and low pass filters was
explained in the original article. How-
ever, in this network there is a require-
ment for cascading the Butterworth
filters with the suckout filter and the
basic suckout filter is shown in Fig. 7,
the related equations being in the ‘s’
domain. The dotted line shows the
effect of increasing the value of the
inductance (the capacitance being de-
creased by the same factor). The res-
ponse showing the input impedance of
the network displays clearly that this is
far from resistive and is, therefore, un-
suitable for cascading. Adding a second
tuned circuit can completely solve this
problem provided the set network con-
ditions are met (Fig. 8). This network is
used to compensate for a broad peak (at
1.2kHz) in the bass unit response. A
simple network based on Fig. 6 is used
to compensate for this response ano-
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maly in the tweeter. Figs. 9 and 10 show
four pressure response curves for the
loudspeaker. All were measured on a
dry, warm day. A framework, some 3m
high, supported the loudspeaker, with
the microphone supported on its tripod.
Some reflections are bound to occur at
this height and cancellation effects can
be seen at 120Hz, 170Hz and 260Hz. Fig.
9 shows the on-axis response of the bass
unit, which also indicates the effective-
ness of the compensation networks. Fig.
10, parts a, b and ¢ show the response of
the completed loudspeaker on axis, 30°
horizontally off axis and 45° horizon-
tally off axis respectively. Lowering the
crossover frequency from 3kHz to
2.2kHz has ensured a wide horizontal
response which is evident from these
readings. www.keith-snook.info

One point which could cause trouble
is that, in lowering the crossover
frequency, the tweeter could possibly
run into frequency doubling problems.

The power to the tweeter is reduced
by afactor of 0.25 so that it matches the
sensitivity of the bass unit. This means
that the loudspeaker can accept at least
25W at any frequency. A level of 25W
was applied, sweeping the frequency
over the full audiorange. With the bass
unit replaced by a load resistor, no
obvious frequency doubling occurred in
the tweeter.

The suggested amplifier power rating
is 25 to 100W r.m.s. into 8Q. A higher
power amplifier can actually be safer for
the tweeter since the onset of distortion
in a lower power amplifier produces
high levels of harmonics which can
easily destroy a tweeter, although in
this particular design there is sufficient
power headroom to make this eventu-
ality extremely unlikely.

As one of the design objectives of this
loudspeaker was to produce a symme-
trical vertical polar response, it is pos-
sible to measure the phase error bet-
ween the two units. Such a measure-
ment has been performed and indicates
that, for +0.5 of an octave either side of
the crossover frequency, the phase dif-
ference between the two drive units is
better than 30° . Measurements beyond
+ 0.5 of an octave are difficult as the
level of one signal becomes unusable.
The complete crossover network is
shown in Fig. 11 and three values of
attenuator for the tweeter are given. If
required, a simple switch can be used to
give two variations on the nominal
setting. Note that no Zobel network is
needed for the tweeter as this has a very
well controlled impedance over the
frequencies of interest. To obtain the
best performance from the crossover
network, high grade 5% tolerance com-
ponents should be used throughout.
Some leeway is permissible on the
components marked with an asterisk.

The resistor power ratings allow for a
continuous 25W to be applied to the
loudspeaker. No significant distortion
(in the general sense) is introduced by
the network at this power level at any
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Fig. 10. Three pressure responses of the
complete loudspeaker
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Fig. 11. Full schematic of the ct
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Jim Wilkinson studied at Sheffield Poly-
technic prior to joining Marconi Elliott
Avionics where he worked on raster-based
avionic display systems. Subsequently he
joined the IBA, working for over four years
on digital video equipment, specialising in
phase-locked-loops and differential p.c.m.
coders. He is currently a project engineer in
the advanced development laboratories of
Sony Broadcast.

frequency in the audio band, using in-
ductors from the recommended sup-
plier. The network’s design accounts for
each inductor’s resistance and the use
of air-cored inductors is not recom-
mended unless similar resistance values
could be achieved. Further, the effect of
using an active crossover network has
been simulated and no real advantage
emerged over the use of passive com-
ponents apart from a slight improve-
ment in the damping of the system
resonance. Furthermore, the cost
penalty for using an active network is
quite high and does not have the
flexibility of a passive network.

The author recorded the terminal
impedance between 100Hz and 20kHz,
which emerged as 80 (+3€ or —1Q) and
0° *+10° for magnitude and phase res-
pectively, showing that the loudspeaker
is easily driven by any amplifier.

Frequency traces were made using a
Briiel and Kjaer frequency response
recorder. The materials for acoustic
damping of the cabinet comprise three
bitumenised felt panels, approximately
9in by 7in and two pieces of BAF wad-
ding, 36in by 9in. Where difficulties are
experienced in obtaining the specified
components and materials, these are all
available from Falcon Acoustics, Tabor
House, Norwich Road, Mulbarton, Nr.
Norwich, or any of this company’s sup-
pliers.
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The current is thus composed of the fun-
damental and of a third harmonic. This
would be the same if a voltage, composed
of a fundamental and a 3rd harmonic, were
applied to a fixed resistor R,. For the fun-
damental component, the term is negligi-
ble with regard to the term coswt; so, the
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Table 1. Distortion measurement results.

Frequency (Hz) 10 263 520 | 1092 | 2636 | 5224 | 9564
H2 | -106 [ -112 | -7 | =122 | -119 | -113 | -108

Harmomic | M3 | =117 | -6 [ <21 | -m7 | -m6 | -5 | -1
C°”(‘sgf;e“’5 Hé | =121 | <124 | -124 | -123 | -125 | -123 | -123
HS | =119 | -120 | -121 | -120 | -118 | —118 | -119

H? | =125 | -128 | -130 | —126 | -128 | -126 | —

Measurements were made using an HP3580A spectrum analyser preceded by a passive

notch filter, giving a measuring limit of —130dB.

This function is zero for AT=0 and
AT=co. Its maximum is reached for
AT=T,m, (in K). For small values of AT,
the distortion is almost proportion to AT.
The expression BO/H can be seen as a
measure for the distortion proper to a cer-
tain type. For the used n.t.c., B=3900k,
0=0.11mW/K and H=0.5m}/K.

Using (1), expression (9) can be trans-

formed to:
u'l_—]_ (_ Tamb In Ramb)ln Ramb (10)
4wt B R R,

Where t=H/d thermal time constant of
then.t.c.
R.mp=n.t.c. resistance at the ambient
temperature
R,=n.t.c. resistance at the operating
point.
In the particular case when R, is only
slightly less than R, we have

,,,I@ﬂn( 1+&nLRo)
R, o

zRamb—Ro

R,
and (10) becomes n';--—l— Ramb—R,
4ot R,

which conforms to the analysis of Dr F. N.
H. Robinson (Int. Fournal of Electronics,
No. 2, 1980). In our circuit, the calculated
n.t.c. distortion is about 0.13% at 20Hz
which would give a distortion figure of
0.05% at the output of A;. The measured
distortion is 0.1%. The reason for this
difference has not been determined
exactly, though it looks asif H decreases at
increasing frequency. This could be ex-
plained by the spherical shape of the n.t.c.
material which causes a non-uniform cur-
rent density and hence, especially at higher
frequencies, a non-uniform temperature
variation inside the n.t.c.

b

Book-shelf
loudspeaker

improvements

An article by J. Wilkinson describing the design
and construction of a high-quality book-shelf
loudspeaker was originally published in the Oc-
tober 1977 issue and improvements to the de-
sign followed in the June 1979 issue. Subse-
quent testing has prompted further small
improvements.

Three small component changes in the cross-
over circuit have been made. One of these,
namely changes in value of R3 and Ry, has
resulted from critical listening and comparison
tests and gives a few dB attenuation in all three
switch settings to compensate for room reflec-
tions of the tweeter’s output. Changes in the
values of Rs and Rg give a little extra dip in the
crossover’s output response curve at around
1kHz to compensate for a peak in the woofer’s
response curve at this frequency. Connecting
the input of the low-pass filter before, instead of
after L, gives a virtually inaudible improvement
in performance but is nevertheless the best op-
tion from a theoretical viewpoint.

Extensive listening tests have also revealed a
slight deterioration in sound quality caused by
the ‘anti-reflection’ fillet attached to the bass-
unit sub-baffle. The best solution is to replace
the wood with 1/2in bituminous felt or similar
material. A modified printed-circuit board, all
the necessary components and the speakers can
be obtained from Falcon Acoustics Ltd, Tabor
House, Norwich Road, Mulbarton, Nr Nor-
wich, Norfolk NR14 81T.
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