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Due to the very nature of their construction the acoustics within Churches and
Cathedrals have to be congidered hostile from the sound reinforcement viewpoint.
The ccmplete absence of any effective sound absorbent within such spaces re-
sults in reverberation time/frequency response characteristice that often ex-
ceed T seconds et low frequency and rarely fall below 3 seconds at high fre-
quency. To minimise excitation of the reverberant space it is vsually ar-
ranged that eny speech reinforcement loudspeakers used are fairly directive
and that they radiate sound over a seating area that has a high absorption co=-
efficient, {(fig 1).

It is normal under such circumstances to wse column loudspeskers, the theoret-
iecal directivity characteristics for a typical example being illustrated in
fig 2. Because the vertical sound source dimension of the columm ie large the
directivity characteristics in that plane are falrl)y narrow, whilst in the hor-
izontel plane the loudspeakers are reascnably non-directive, the lateral re—
sponse usually being controlled by prudent choice of drive unit. Yor most col-
um loudspeakers the vertical side lobe intenmity ie generally only 10-12 4B
lower than the major lobe intensity. Further reduction in side lobe intensity
can be achieved by using-n taper feed column (increasingly smaller levels of
gignal being applied to the drive unite the further they are from the centre
unit) though this technique is limited by dimensional and economic constraints.
Ap column loudspeakers are deliberately directive in the vertical plane it is
necessary to angle the lovdspeakers downwards towards the listeners to achieve
resgonable accustic coverage (fig 1). Though technically adequate such posi-
tioning is often critisised by the user as being ugly and is often thought to
gpoil the aesthetic quality of the Clurch or Cathedral. Moreover the large
Bide lobes of a standard column result in substantial excitetion of the rever-
berant space in the quadrant above the normal plane.

Some years ago this problem was examined by the scientiats at the Puilding
Research Station, with particular emphasis being placed on a new speech rein-
forcement system that was to be installed in Westminster Abbey. P.H. Taylor
and J.S. Keeler proposed and implemented a novel and very elegant solution to
the problem. By carefully contrelling the amplitude and phase of the elec-
trical signal fed to each of a row of drive units in a colum loudspeaker the
directivity in the vertical plans can be adjusted to provide a downward radi-
ating lobe without the need to angle the loudspeakers. Briefly the desigm
calle for a line of equally epaced loudspeakers, the signals to which are de-
creaned progréssively from the centre unit in the series of ratics 1, 1/3, 1/5,
1/7 etc with the units in the lower half of the line being comneoted out of
phase with the units in the upper half of the line, In addition a central
drive wnit is excited in positive phase quadrature with respect to the equally
spaced units and is fed with a signal some 4 dB greater than the signal fed to
the two adjacent .central drive units. ) ’
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The theory and operation of the loudspeaker may be considered analagous in many
ways to Fraunhoffer diffraction. Imagine a row of loudspepkera positicned in a
line with each loudspesker geparated from its neighbour by an identical distance,
and imagine a listener positioned a large digtance from the line of loudspeakers
at an angle © from the normal (fig 3)., The path difference st the receiving
point between the aigna.la arriving from the two adjacent loudspeakers is given by

Zsn® (1)
and tha phase difference (9) is given by
Se.® | 2n ceenna(2)

At the receiving position the intensity of the perceived signal is equal to the

vector sum of all the different esignals arriving from each of the loudspeakers.

If for example the phase of the signal fed to loudspeaker No., 5 is delayed by o

then the phase difference of LS 5 relative to its neighbour is given by:

Axbasine | e veea(3)
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and if the amplitude of the signal fed to loudspeaker 5 were AS then the final

relative sound pressure level at angle from the loudépeaker would bes .

_Rsws B SNS oo eeeee(8)
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and tha final sound pressure level from the combined loudspeakers would be:

Ro= S poms 2SN Lo .(5)
This equation is usually written in the form:
Pos <> RS M_“S + oS - veeena()

where“‘ﬂ,h is the diata.nce of the nth loudspeaker from the reference point, usually
takeri to be the central loudspeaker of the system. -By adjusting the amplitudes
and phases of each of the aignals fed to the individusl drive wnits as described
sarlier it is possible to dramatically tailor the vertical polar diagram of the
loudspesker. Taylor (1) has shown that if the amplitudes and phases of the drive
units are as shown in Table 1 below then a strongly downward directed lobe will
appear in the lower quadrant of the loudspeaker,

. Table ]
LS XNe. Belative Amplitude Fhage of Signal Popition (ina)
1 1 +1800 ~24
2 2 + 90° ~-20
3 3.33 + 900 =12
4 10 + 500 -4
5 16 o 0
6 10 - ggo +4
7 3.33 - g 12
8 2 - 900 +20
9 1 +180° +24

Using eguation & with the paramsbers listed in Table {1 it.is pessible to produce
computer predictions of the resulting dietribution of sound in the vertical plane
of the loudspeaker, the results being shown in fig 4. Theoretically the direc-

tional properties do not extend beyond 1.6 kHz as the spacing between each drive
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unit becomes large in relation to the wavelength of scund being radiated. As
noted earlier however the theory assumes (incorrectly) that the drive units ra—
diate uniformly in all directions and at all frequencies. Theory would predict
a very strong upper lobe at 2 kHz but because the output from the drive wnits is
substantially down at such acute angles to the normal the upper lobe is not fully
realised, resulting in some useful directivity being achieved to beyond 3 kHz.
In fact the reproduction of sound at very high fregquenciee is of little gignifi-
cance in the practical instance as it has been found that the overall bandwidth
haa to be limited to 300Hz-5kHz for best speech intelligibility. The exceasive
low frequency reverberant energy that could be produced if bandwidth limiting
were not used would impair intelligibility and a balanced overall spectrum cen—
tred around t kHz is always to be preferred once a decision favouring a high
pass filter has been made.

ATRD has recently completed a thorough re-appraisal of the Abbey loudspeaker
aystems, the latest design now incorporating a mumber of revigions. A& need was
felt for the latest drive units to have improved power handling capability and a
amoother frequency/phase response. The design requires that the three central
drive units radiate the majority of acoustic energy, the remaining drive units
altering only the polar diagram of the loudspeaker and handling between them
only a fraction of the total electrical power fed to the transducers. An eco—
nomic solution might have been to use good quality drive units for the central
three speaker positions and 'economy! drive units for the remaining positions.
However this is not a practical asolution as the theory required that all drive
units provide an identical performance in respect of frequency regponse, phase
response and directivity, {lms similar units have to be used throughout the
gystem. A loudspeasker will of course have its own inherant phase response which
can vary dramatically with frequency and there is no guarantee that the radiated
signal from the loudspeaker will be in phase with either the driving current or
the voltage across the loudspeaker terminals. However this is of little signifi-
cance in this instance as it is the relative phase response between drive units
which is of importance.- In the end it was decided to use expensive but good
quality cireular drive units having an excellent frequency response, low distor-
tion and gocd power handling cspability.

The measured polar responses of the final design in the vertical plane are shown
in fig 5, from which it can be seen that the response mimice closely the predic-
ted responses shown in fig 4, except at high frequency (2 kHz) where the upper
quadrant lobe in usefully suppresaed. Some reduction in upper guadrature rejec—
tion is inevitable due t¢ phase errora in the quadraturs signal feed to each loud
speaker and to small variations in the performance of the drive unite in respect
of sensitivity, frequency response and phase response. Such variations have to
be kept to g minimum by cereful choice and selectlon of the drive units, ancther
reason why the latest circular drive units were preferred to the original ellip~
tical units. The final design can achieve sound pressure levels in excess of
100 4B in the usable frequency range at a distance of 1 metre from the face of
- the lowdaspeaker on the major lobe.

The loudspeakers are very discreet in appearance, the units being less than 3
inches thick and only eix inches wide, and are normally supplied covered in an
open weave fabric material similar in colour to the stonework on which the loud-
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speaker is to be mounted. Together with their slim dimensions and discreet

coverings the loudspeakers can be quite uncbtrusive, a consideration that can be
of great importance in aveiding the disruption of fine architectural lines which

fegture in many Church and Cathedral interiors.
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