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THE COVENTRY RECIPROCATING ROOM ALIGNMENT DELAY

4 Microphone & Loudspeéker Alignment Solution arising from the
new Speech Reinforcement System for Coventry Cathedral.

K Dibble, ProlJect Consultant, Ken Dibble Acoustics, Rugby.

1. INTRODUCTION

This paper will present an account of the 30 year search to
provide Coventry Cathedral with an effective speech reinforcement
syatem.  The eroblem of interfacing an aesthetically acceptable
loudspeaker system with the hostile acoustic environment of the
building interior is discussed and the solution described. A new
alignment technique appropriate to a distributed loudspeaker and
multi-microphone installation in large acoustic space, arising
from the Coventry project, is presented and the conclusion drawn
that -but for lack of technology it would probably have worked
first time around, 3@ years ago. ’

2. PACKGROUND

Coventry's Cathedral was destroyed by the Luftwaffe during the
night of 1940 November 14. Sir Basil Spence’s revolutionary
design for a new cathedral was selected from an international
competition in 1949, The new building was constructed during the
19505 and was consecrated in  the presence of Her Majesty Queen
Elizabeth Il on 1942 May 25. The Cathedral Church of St. Michael
has been widely acclaimed as a celebration of Z0th century
British architecture and artistic achievement, attracting
visitors from all over the world.

Not least amongst Coventry's attractions is the magnificent 4
manual 73 stop organ by Harrison's of Durhkam, whose pipe ranks
rise in tiers to the roof on both sides of the nave. Whilst the
latter can be heard resounding and reverberating throughout the
building with marvellous power and sonority, the same cannot be
said of speech, which, unless armed with pre-knowledge of the
text or a gift for lip reading, has been virtually inaudible in
this building since its consecration. :

3. THE BUILDING

The general lagout can be seen fraom Fig 14, The interior
comprises one vast open—-plan space encompassing the Naves
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Baptistry, Chancel, Sanctuaruy, Lady Chapel and the Hallowing
Places as one and measuring some 94m end to end, an average of
Z28m across with an acoustically transparent slatted timber canopy
ceiling at Z1lm and a structural roof soffit at approximately Zam
above the Nave floor. The internal volume calculates out at
&£3,000 cu.m.., The floor is marbles the walls vermiculite coated
stone faced concrete and the roof is of concrete slab carried on
massive steel reinforced cast concréte Joists. The "west* end is
almost entirely of glass flanked by stoney whilst the Baptistry
Windowy, along with the acute return angles to the ten Hallowing
Places to the side aisles are leaded stained glass in masonry
casements rising the entire floor tao ceiling height of the
building.

4. ACOUSTICS

There are two concessions in this otherwise unforgiving acoustic
environment. ©One is the Sutherland Tapestry which covers the
entire "east"” end of the building behind the LLady Chapel, the
other a scheme of acoustic treatment applied to the roof soffit

and which, surprisingly, was found to have been carried out in
exact conformity qith the original Basil Spence drawing detail
found in the Cathedral's archives. This comprises panels of 25mm

cork over a 25mm air spacte, alternated with panels of chipboard.
Given the absorption coefficient of such materials the relatively
small surface area treated and the considerable distance from the
Nave floor, this treatment does not make a great contribution to
the overall quality of the acoustic environment.

Using an Ivie IE-30A RTA with the IE-17A processor and an HP/Urei
System ZB0@ plotter, the RT4D was measured at 4.5 seconds at 1KH=z
and &.1 seconds at 588Hz. Due to lack of available headroom from
the existing speech reinforcement system it was not possible to
measure the low frequency RT, although a simple hand clap and a
pair of ears suggested a figure in the region of 7 or 8 seconds!
Figure #1 shows the RS 2 curves with a 2504z measurement running
inte neoise after about 35dR of decaw. Figure #2 shows a 1/3rd
octave analysis of the typical dawtime background noise within
the building, measured at 43dB(A).

Arrival time measurements, again using the IE-30A/IE-17A set-up,
showed 1st reflections arriving at approximately 1SmS, multiple
merged reflections at significant amplitude - ie only a few dB
below the stimulus — uwup to SBmS with late arrivals after 1350mS
still anly 6/8dP below the stimulus and perceived as echoes.
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A series of listening tests were also carried out, comparing the
unaided voice with the existing system, and with low-Q near field
alternatives. Speaking from the pulpit it was found that the
unaided voice is virtually unintelligible in the Nave after the
first six or seven rows of seating and totally inaudible in the
Chancel. The existing sustem produced only a marginal increase in
level with marginally better articulation but with a thin and
distant, almost ethereal, quality. Experiments with lou-Q near
field alternatives provided much better performance altogether
and it was ascertained that provided a 250Hz high—-pass filter and
appropriate sustem EQ was usedy a throw of up to 15Sm could be
obtained with surprisingly good intelligibilitu, even in an empty
building. Anygthing below 250Hz was masked by reverberation.

Also there is a problem in the Chancel as there is nathing to
provide those natural early reflections so essential to give a
sense of ensemble and fullness of tone amongst the Cathedral
choir or to reinforce solo recital or spoken text.

5. THE EARLY ATTEMPTS

An archived electrical installation drawing circa 1999 shows
conduit provision for some Z0 loudspealer positions distributed
around the perimeter of the buildinag, although what type of
system was envisaged is not stated and enquiries have led to none
able to recall the original intentions. This system however never
materialised and in the event the contract went to Pamphonic
Reproducers - a leading UK manufacturer af the day and whose
Managing Director - Paul Taylor is the acknowledoed father of the
line source array in the UK and whose 1964 paper <13, in which.
the Coventry Cathedral line arraus are illustrated and described-
in ‘'some detail, remains to this dauy a principal reference work on
this subject. It seems that the original installation comprised a
3.3m line array above the Pulpit and Great Lectern facing forward
down the Nave, two 2.6m 1line arrays in the same positions but
directed rearwards into the Chancel and Sanctuary and two further
2.6m columns on wheeled dollies part way down the Nave.

These very large line arrays were apparently a 2-way design
comprising 17 x 1485mm midrange drive units covering 250@Hz/1KHz
and % »x 75mm HF drivers covering 1KHz to 4 KHz, both using
Taylor’s Truncated Binomial Power Tapering technique {(Pamphonic
patent) <1> as a means of extinguishing unwanted side lobes
whilst maintaining axial beam geometry, and employing appropriate
passive crossover and band stop filtering between the two arrays.
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The entire assembly was encased in a cylindrical tube of natural
hardwood and brass to complement the zesthetics of the building.

The sustem employed a complex arrangement of cue lights and
microphone switching so that when any particular microphone was
"live" any loudsepeaker in the vicinity was automatically muted.
It also employed a multi-channel electro—magnetic time delay
system using a revolving magnetic drum with multiple heads on an
adjustable bed. This it seems, was a complex and sophisticated
device providing different delays according to the particular
microphone and loudspeaker combination in use, Despite its
advanced conceptual design however, nao technical paper can be
traced, leaving us today with only a sketchy picture of the
actual system composition. :

Unfortunately, (according to Prittain <2><3») the suystem never
worked satisfactorily} the delay unit would not last the duration
of one service without mechanical failure, delay times were
unpredictable, the mechanism was excessively noisy, the switching
unreliable and the system generally plagued by howlround,

Within si» months of the consecration Hugh Brittain, head of
Acoustics at the GEC-Hirst Research Laboratories at Wembleu, was
called in to ascess the problem <23><3>. Much of the Pamphonic
system, including the delay and switching syustems, was condemned
and the entire sustem replaced with a conventional mixer/
amplifier combination feeding the loudspeaker cluster shown in
Fig. #3. This comprised smaller line spurce arrays in a cruciform
configuration and a single Vitavox multicell horn — high up in
the roof above the Chancel Steps <4,

Hugh carried out a series of acoustical measurements and arrived
at the theory that by beaming sound from a critical height above
the Chancel Steps, the sound waves would hit the Nave floor, be
reflected back towards the West Window and thetnce up into the
roof void where it would be absorbed by the acoustic treatment to
the roof soffit as shown in Fig #4. Althouagh founded on what
would today be considered simplistic acoustic principles and
providing poor intelligibility at best, as a system it has proved
reliable, with the original VYortexion tube amplifiers and mixers
remaining in service for some 2B years until the system was
replaced in 1990.

In 1984 Rill Stevens of AIRC carried out a study of the Brittain
system. The resulting report concentrates heavily on the poor
condition of the cabling, earthing prablems and the obsolescence
of the mixing and amplification egquipment, with little or no
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reference to the uncompromising acoustice of the building
interior. In the one small paragraph making any reference to the
loudspeaker system, this was found to be "...almost beyon:Z
reproach...providing excellent coverage over most of the sesting
areas in the Nave..." and suggesting that "...a.s5imple acoustic
check to confirm the exact positioning of the individual
loudspeaker assemblies." was all that was required <5>. This is
clearly an altogether different scenario to that found by the
author 5 years later.

In 1986 Artec Consultants of New York City studied the problem
<&6>, recommending that in the short term close miking techniques
be adopted, that a mixer with individual tone contreols be used
and that the low frequency response of the existing loudspeaker
system be extended, with a view to increasing the amount of
absorption in the building at a later date. Given that - as has
been shown — the problem is not one of insufficient gain but of
excessive reverberation, with the 125Hz RTS0 figure running out
to 8 seconds, these recommendations hardly seemed to provide an
appropriate solution and were therefore not taken up.

&. CAD TO THE RESCUE

There has probably been more progress in electro-acoustics in the
period since 1962 than in the whole of Hugh Brittain’s long and
distinguished career and many conclusions reached and assumptions
made then may no longer be valid in 199@. So how uwere we to
convince the Cathedral that things had changed and that maybe a
cruciform cluster of line arrays and a single small hkorn some ZO0m
up in the air might not be the answer?!

With an intuitive feel for a likely solution already in mind,
Bose Modeler was used to model the huilding on screen, look at
some room acoustic predictions and try some possible louwdspeaker
configurations. Modeler was chosen partly because it was Jjust
about the only open menu software then available in  the UK and
partly because of its comparatively advanced room acoustics
algorithms.

Fig #3 shows the room model and Fig #&6 the RT&D predictions -
which were felt to be sufficiently close to the measured data to
enable the model +to be useful as a predictive tool in this
situation. Fig #7 shows the predicted direct sound coverage ‘from
a replacement central array at the RBrittain cluster location,
using Just two Community M4 co—-axial horns.
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Fig #B shows the D+R prediction for a distributed system around
the perimeter walls which is not dissimilar to that shown-on the
archive electrical layout plan. If the central cluster were to be
dispensed with this would be the option pereferred by the
Cathedral authorities on aesthetic grounds. Loudspeakers C & D,
and K & L straddle the line of the Pulpit and Great Lectern, with
Ay By €y Ly M & H directed doun the Nave towards the "West End",
Dy E» J and K covering the Chancelsy F and 1 the Sanctuary and G
and H the Lady Chapel behind the High Altar. Appropriate time
alignment was input into the model between each pair. Comparing
Fig #B8 with the direct field plot shown in Fig #9 shows that much
of the central Nave coverage is due to the reverberant field,
with most of the loudspeaker output energising the wide marble
floored side aisles where no useful purpose is served and
unwanted reverberant energy is the result. Fig #10 shows a set of
three time response predictions.

Fig #11 shows the direct plus reverberant prediction in respect
of a distributed system with the loudspeakers mounted directly to
the structural columns at approximately 3m above the Nave Tloor.
Note that in this instance the principle areas of coverage are
Just where they are wanted - ie the seated sections of the Nave,
Chancel and Sanctuary which will provide near field absoretion
whilst the side aisles and main entrance areas, with their highly
reflective floors and walls, remain relatively "dark". A further
bonus is the band of relative shadow in the wvicinity of the
Pulpity Great Lectern; Provost and Precentor’s Stalls and Chancel
Steps reading lectern - this being the area from where maost of
the services are conducted and where most microphone positions
will be required. Fig #12 shows the loudspeaker aiming plan for
this arrangement and shows three sample "listening” locations.
Fig #13 shows a pingraph arrival and intelligibilitu prediction
for each location.

7. SITE

TRIALS

The computer predictions having gone some way towards convincing
the authorities that there mau be some substance in the arguments
being put forward it was agareed that a trial suystem would be
installed for the 1989 Christmas season. So with the co-oferation
of a number of manufacturers a temporary installation was duly
provided and tests carried out to assess the three options, each
with appropriate alignment delays, a 258Hz high-pass filter and
equalised for a flat spectrum response between Z50Hz and BKH=z.
The computer predictions were immediately validated, with all
concerned in agreement that the column mounted distributed suystem
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provided noticeably the best performance in terms of uniformity
of coverage, subjective intelligibility and source imaging. So
this sustem was left in situ for the annual carol broadcast, for
Midnight Mass on Christmas Eve and for Christmas Day services.

8. BYSTEM ARCHITECTURE

Having satisfied the client that the proposed system would indeed
be capable of providing the quality of speech reinforcement they
had long hoped for the next stage was to finalise the engineering
of the sustem and prepare budgets. Although the outcome was by no
means conventiopal, and considerable engineering effort was
npcessary  to bring the system through to completion, it is not
the object of this paper to become embroiled in the whus and
wherefores of harduware selection or the nuts and bolts of the
installation itself. That aspect 1is adequately covered in an
American magazine article <7, Suffice it to say that because of
an overriding requirement that the system .should be capable of
being pperated by non technical persons and should preferably not
require an operator at all for a simple evensong or  prayer
meeting, some 28 channels of automatic microphone mixing with

automatic level sensing were provided, along with twelve
separately equalised and individually selectable loudspeaker
zones and a host of other facilities to meet the users

requirements. It turned ocut however that having resolved the
loudspeaker problem the critical element was the time alignment
requirement,; and it is this which is the main thrust of this
paper.

?. TIME ALIGNMENT

In.order to conceive what is happening within =0 large a space it
is necessary to view the building as if it were dimensioned in
"sound seconds",y, in which case the floor plan is 273mS long
80mS wide and the building is 78mS high to the soffit slab. Fig
#14 chows a eplan of the Cathedral with all the loudspealkers and
microphones in place and showing the alignment delay requirements
at each location. Recause most of the action takes place at the
Pulpit, Great Lectern, Provosts or Precentor’s Stalls or at =a
reading lectern at the top of the Chancel Steps, this line has
. been adopted as a “:zero time'datumf with delays running forwards
down the Nave and backuwards into the Lady Chagpel.

The problem however is what to do about the other microphone
points? Imagine speaking into the Raptistru or Chapel of Unity
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Steps microphones against a time delay of 120mS, or at the West
Door against 155mS! What about the BRBishop at the High Altar
battling with a 78mS delay? The delivery will become slower and
slower with each syllable uttered until it degenerates into a sea
of wverbal soup with the entire building acting like a giant echo
chamber. ~ The problem is compounded by the fact that for the
annual Christmas Carol broadcast and for the Graduation
Ceremonies of the University of Warwick and Coventry Polutechnic
the Cathedral is turned around so that the congregation face the
West End and all activity is centered on temporary staging
against the glass screen. Imagine the acoustic maghem!

What is needed is a feed-forward speech accelerator to snable an
address being given at the Raptistry to reach the zero time datum
loudspeaker group 120mS before it is uttered. That would solve
the problem nicely! But even with today'’s electronics it is no
more likely to be achieved than Dr Brouwn’s Delorean will reach
1955! <8x. :

The answer is the Coventry Reciprocating Room Alignment Delay. It
is a complex and expensive solution, but it works. In order to
preserve signal quality it is necessary to employ at least a 14
bit digital delay with good noise performance and at least a
12KHz pass band. For each stage a separate 1-in % i~out delay
card iz reauired, with its .own A-to—D and DP—to-A converter. These
are cascaded to form a multi—tapped delay chain extending the
entire length of the loudspeaker floor plan, in this case
starting with an input at the Lady Cchapel and finishing at the
Nave 4 loudspeaker location, each loudspeaker feed being tapped
cff at the appropriate point. Next a second line is formed
running the other way - ie starting at the West Door microphone
point and running down to the Lady Chape! loudspeakers, this time
with each microphone sub-min fed in at the appropriate point.

Finally a somewhat complex sustem of buffering is used to cross
connect the corresponding stage of each line so that signal can
be fed into: and taken out of, either line at anyg point and the
ends of the two lines are looped around in such a way that phase
responese and gain structure is preserved throughout the chain and
such that the system canndt self oscillate. So in effect ue are
looking at a bi-directional multi-tapped delay line with inputs
and outputs at each tapping. Fig #1353 shows the basic schematic,
although in practice, the buffering is somewhat more involved
than is shown here.

There are however one or two considerations which need to be
borne in mind. One is that there is no point in the system from
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which a time coherent summed signal can be derived for recording
or -for feeding an inductive loop etc. It is therefore necessary
to pravide a pre-set summing mix to overcome thie problem.
Another is that each pair of delays must be set to the same delay
setting or phase cancellations of varying severity according to
the amount of displacement will occur at each output. Therefore
some compromises in the ideal microphone alignment are saometimes
necessary. In the case of Coventry, the time displacement to the
Baptistry microphone for example should be 120mS, but in practice
this sub-mix group must enter the delay chain at the Nave 4 delay
rpoint - ie 90mS.

The system at Coventry also has provision for a bank of six cross
=fired rifle mics to be used to reinforce the choir. These are
fed via a separate &/1 pre-set mix into the zeroc time datum point
using a manuallu operated fader controlling VCAs so that as the
choir mix is opened so the chancel loudspeaker system is ducked.
There is a similar provision for music replay,

10, COMMERCIAL REALISATION

At the +time of writing there is no commercial realisation of the
reciprocating delay device. The sustem for Coventry Cathedral was
realised using IRP System 41 modular praocessing rack using tupe
DJ4132-1 delay cards with custom buffering built into DJ4125S
custom circuit modules. At least one other means of realising the
system was identified during the design grocess. The concest is a
registered design and is copyurighted 1989 by the author.

All the automatic mixinag, level sensing, auxiliary sustem mixing,
VCA control and interfacing functions were also achieved using:
Sustem 41, which proved to be a cost effective, compact and very
convenient way of assembling what would otherwise have been a far
more complex and cumbersome installation. The complete sustem
schematic is shown in Fig #14.

11. THE BONUS

Coventry Cathedral has a wide central aisle used extensivelg as a
processional route using omnidirectional lapel radio microphones
to relay the proceedings. Fig 174 shows the =spectral response of
the commissioned system - which was found to be fairly uniform
throughout the Nave - taken from an end of row seat adjacent to
the central aisle between the MNave Z and Nave 3 loudspeaker
loeation. Fig 17B shows the spectral response taken at the centre
of the main aisle itself - a distance of no more than 1.5m from
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the firest. Note the huge phase cancellation effects betuween the
pair of loudspeakers, occurring Just in the right place to allow
- the procession unrestricted used of the radio microphones without
howlround problems! EBecause of the summetry of the loudspeaker
system and building we had wondered if there might be some
nulling in the central Nave area, but would not go so far as to
claim it was designed in. . ~

12, CONCLUGIOQNS

Coventry Cathedral’s new speech reinforcement system was
commissioned during early HNovember 1990. Its firet public
performance was the Armistice Day Service of Remembrance

broadcast on November 11 with the principal address given by the
Rt Reverend Robert Runcie, Archbishop of Canterburu. And as the
Archbishop said to the Provost:i:-—

", ..1've preached a number of times here John, but this is the
first time I’ve been heard..."

It’s second outing was on November {4 on the occasion of the
Service of Remembrance and Reconciliationy with Her Majesty Queen
Elizabeth the Queen Mother and His Excellency Richard von
Weizsacker, President of the Federal Republic of Germany in
attendance. This service was part of the City of Coventru’s
commempration of her destruction exactly 58 years previously and
was televised naticgnally within the UK and to much of Europe. On
botk occasions most of the broadcast feeds were taken from the
new sygstem.

It is interestina to reflect that what we have ended up with
bears significant resemblance to the original Pamphonic system
conceived by Paul Taylor over 30 years ago. Clearly that original
system was conceptually uwears ahead of the technology available
to implement it in the late 19S@0as. We now have that technology
and it is for this reason that we may have succeeded uwhere
Pamphonic did not. As with Pamphonic, the heart of the sustem is
the delay rack. All signal sources -are fed into it and all
cutputs are derived from it. It controls the entire system. We
just hope it will prove a little more reliable than its forebear!
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