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1. INTRODUCTION

The need lor acoustic diffusing clements has boen expressed almost siace the beginning of the scientifiv approach o
acouslic design. In concent halls, particularly in laurge modem oncs, diere has always been the accossily for
minimising acouslic absorption {to make the most of what instrumental gnd vocal cnergy is available} whilst
simuitancously  avoiding discrele cchoes or reflections. Designers have gone 1o great leagths to reduce e

Liven in much smaller rooms, such as studios and contrul rooms, there is a need Lo avoid discrele retlections, alibvugh
lhe necd 10 main@in the sound cRcrgy is nol so important. In the casc of sicreo munitoring this avoidance of discrele
rellections, which can seriously alfect the image focalisalion, has been achicved by such an catensive use of
ahsorption that the rooms have become alimost ancchoic, Apart from being very oppressive 1o wark in, this approach
Bives rise 1o other acoustic problems,

the very carly days of broadcusting, have incorporated some form of hard diffusing shapes. These have been basod on
part-cylindrical or sharp-cdged prismatic solids and have been mosdy only partially successful. Any such cegular
strectures tend o introduce repetitive rellection structures which may be audible as colorations.

numbers. They were lirst developed and described by M.R. Schrocder in the mid-1970s (1,2} They have been
investigated by others since [cg, 3] and used in some Concert Halls leg. 4]. Versions of these diffusers are markeled
commercially, .

2. PARTICULAR BROADCASTING STUDIO PROBLEMS

The solution of a number of different sturtio acoustic problems might be assisted by the avatlability of some form of
wideband, dilfusing modules. Large BBC music studios arc now morc likcly than they were 1o contain an gudience
clement. This gives them some of the same types of problems as real concert halls, for cxample, requiremenis 1o
minimise both the tow! absorpiion and the sound energy which is vertically incident on the audience, Smaller sludios
and conwrol rooms need to avoid significant specular reflections as mentioned above, principally to aveid distortion of
the stereo pereeption,

However, the most immediaicly pressing problem is that of loor-cciling multiple reficctions {Nutee echoes), This
problem is cxacerbated by the current rend 1o very ‘dead” rooms which may o some extent itself be as a result of the
non-availabilily of dilfusing clements, This lcads (0 an acoustic design in which all of the wall surfaces arc heavily
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treated. The resulting discrepancy in mean absorption cocfTicient between the vertical and the two horizontal axcs
beeomes very large. This is further worsened by the current demand for "acouslic tile’ ceilings and the practical
requircmcnts for carpet tiles rather than ‘proper’ carpet {at least in controf rooms). The overall effect of this design
philosophy is o make a room which, at frequencics up 1o aboul 1 kHz, has practically no absorplion for sound
travelling in the vertical dircction and an average coelficient of about 0.5 for the two horizontal directions, It is
currently thought that this asymmelry is responsible for sometimes very severe *honks® or colorations, subjectively
centred on about 500 He, although the investigation work is presently incomplete. It appeurs to be rendered
acceplable (sometimes barcly) by the usc of carpet on underlay in siudios {probably becausc of e higher absorplion
around 500 Hz} or by the prescnee of wechnical equipment, panicularly the control desk, in control rooms (because of
the increased diffusion). A ceiling which reflecicd liwe of Uie incident sound energy back in the vertical dircetion
might climinate the problom entircly.

For mosl acoustic treatment purposes, the BBC uscs a sysiem of modular absorbers, originally developed in the carly
1960"s bul sipnificanily added 1o since then [6,7,8). This is a system of nominally 600mm square melules, of a
number of diffeeent depths (in the range 50mm 0 3(0mm). Variations in absormiion coclficicats as functions of

" frequency are obtained from different infill details and front-pancl materials and finishes. The range prescatly
includes 12 principal types, of which about five or six arc in widespread andt regular use, To [it in with this rangc of
dbsorbers, a diffuser would necd to be nominatly 600mm square and around 200mm in depth,

3. THEORY

3.1 General.

The underlying tieory is perfectly well sel-out inthe original papersf1,2] and analysed extensively in [3), The main
purpose of this paper is 10 describe adaptations and implementations of the underlying concepts w produce o design
for a practical, modular sysicm of diffusing elements which can be used in the acoustic treatment of studios and other
rooms in the same way a5 maodular absorbers. To this end, sulficient of the theory is repeated here o allow the
arguments Lo be followed without the reader having necessarily (o resort (o the prime references,

3.2 Quadratic Residues.
Consider a sequence of complex numbers:

explieyy i
2nnfp, iy an inlcger, p is a prime number.

rﬂ
where ¢

P, and r,, arc bath periodic with peried p, and #2 can be replaced by its residuc modulo p . For example, fur p = 17
lhe resulting scquence of residucs is:

() moay7 =0.14,9,168,2,15,13,13,15,28,169410,14,.... .. ......... 2

The relevant property of the scquence 7, in the present conleal is thal its discrete Fourier transfonm has consiant
magnilude. This transform may be interpreled ir erms of the cnergy comaincd in a nomber of differcnt spatial
frequency componenis, In practical acouslic ©rms, i we can generute a reflcction wavelront with phase jumips
aceording o (1) al regulir intervals then Lhe acoustic encrgy will be reflected egually in ‘all* of the spatial directions.
{In facl, the number of diffcrent discrete directions (lobes) is related Lo the number of discreie Fouricr COmpPANCnLs in
the Lransform domain,)
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These phase jumps can be implemented by reflecting o plane wave from a reflection phase prating, as iustrned in
Fig. 1. This represenis a seotion through a solid struclure which consists of number of *wells' of differcnt depths. The
wells are regularly spaced and have rigid dividing walls and tenninations. A sound pressure wave entering a well will
propagate o the closed end, be refected and retum to the open end afier a time delay 2, fe , where d, is the depth of
the nth well and ¢ is the velocity of sound. This corresponds W a phasc change of:

fp,..=2¢l".(2ﬂ/;l|) L 3
where A is the wavelength,

To construct the entire wavefroat, the depihis of the wells must be given by:

dy = Ao f4n = (4,1 2p ¥n2) medg 4

In the reseling phase grating, the maximum well depih is approximately equal 1o half A, the longest wavclengih 1o
be dilfused. The range of wavclengths diffuscd exiends down lo A/ (p-1). The width of the well should be fess than
half the minimum wavelength to cosure reasonably planc propagation in the wells. Such stnuctures are, for obvivus
reasons, called Qundr;tlig Residue Diffuscrs.

Thus, to putl some numerical valucs 1o these parameters, i the (otal module depth is 200mm then the lowest
frequency for theorctical diffusion is 860 Hz, A sequence length of 17 (as in 2 above) will £ive an upper frequency
limit of 13.76kHz. The well-width would have o be less than 12.5 mm and, thus, the overa] repean distance of e
scquence would be a maximum of 212 mm,

Such diffuscrs are markeied, mainly for low frequencics, They are onc-dimensional struciures which dilfuse only in
onc plane. In the onhogonal planc they are specular refleclors. They are useful (and fairly widcly used) in
circumstances where the lack of diffusion in the ‘specular’ dircetion may not be itnportant, for example in rooms witl
a large plan-1o-height ratio. They arc also e Lype used in the rooms described in Refercncy 4,

3.3 Primitive roots.
The class of diffusers described above has the property of siominally wniform reflection, There is o secomd class
which has the somewhat modificd properly of not reflecting any encrgy at all i the specular direction (the disen (e
Fouricr ransform has a null at -(@ngle of incidencc)). Thesc arc based on a similur numnber-theorctic principle, f of
primitive roots.
A theorem states “Every odd prime number p has primitive roots g dehined by the fact thm £" Is not congrucnt o
lgnot ¢ fO7 2t 0 < n < p-1". In practical teans this means that, over that range of a, the expression gn gives all (p-1)
diffcrent (non-zcro) numbers, For cxample, 2 is a primitive rooL of 11 and:

(2" a1y =2,4.85.109,7,36.1 forO< n < 5

This sequence may be used in place of that given by (3} 10 generate a differcn; type of dilfusing structure, but wilh
the samic general principles, The resulting siructures are catled, not surprisingly, Primitive Root Dilfysers,
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4, PRACTICAL IMPLEMENTATIONS AND TWO-DIMENSIONAL DIFFUSERS.

4.1 General.

The gencrad principles of implementing these one-dimensional diffusers has been outlined above. In practice,
commercial ones arc usually assembled fram fairly large numbers of umber scetions and are decoratively finished
and architeturlly featured 10 reflect their ‘eaotic’ origins. They are usually heavy and expensive. In same cascs,
there may also be cacess acoustic absorption and other problems because of the inhcrent resonances of the large arcas
aof poorly restraincd and relatively non-rigid wooden pancls.

4.2 Qmitting the dividing walls.

The theoretical basis of hese diffusers assumes thal cach of the wells is divided from i ncighbours by a partition,
This is nccessary for Lhe ideal behaviour but creates complicalions in manufaciure. The parlitions must be fidy stilf
and, cspecially for the Primitive Root Difluser, very Lhin at he [ront cge 1o avoid re-genernting e specular
refeclion component which Lhe design secks Lo eliminate. If the paritions were (o be omillcd, the performance would
be theoretically unaffecied lor the special case of normal incidence. At oblique angles of incidence some departure
from the ideal performance would hive to be accepted.

For the particular problem of floor-to-ceiling mulliple reflections (or, indeed, almost any occurrence of “futier
cchoes'), the condition of normal incidence is cssentially assured. In other cascs, the resulting theoretically inflerior
olf-axis performance may still be adequate in practice. The benefis of this simplification are cspecially gread il mass-
production is 1o be considered. It is to be noted that a photogruph in reference 3 shows the omission of the dividing
wallg, although the lext makes no refercnce Lo il

4.3 Two-dimensional structures.

In what follows, the werm “one-dimensional” refers 1o a dilfuser, which although actually being a solid ubject, has a
wection which is a Primitive Rool or Quadratic Residue sequence in only onc dircciion. In the other face dircction, e
soction is invariant, The teem “two-dimensional™ is used to describe 4 dilfuser in which the sectivns of both plan
directions are parns of number-thcorclic scyuentes.

The onc-Gimensional modules described so far diffusc only in one plane (sirictly two inlersecting plancs - of the
incident sound "beam’ and of the reflecied 180 diffusion respectively). xiending the diffuser inw two dimensiuns
so that it refleets an incident sound beam into a solid angic of 2r sicradians requires 1hat the sequence is in some way
extcnded or lolded away from the suraight lincar funn. :

Ref. 3 shaws, without cxplanation, such a iwo-dimensional Quadratic Residue Diffuser. It is bascd on a sequctive
length of 7. By inspection, the construclion method has been detenmined as frst gencrating the 7-step sequence
horizontally and vertically along two adjacent cuges to the required lengih (ie. numbers ol seyuence repetitions). The
remainder of the sequence surface is goneraled by taking the sum of the vertical (column) and horizomal {row)
indices modulo 7. No justifications are given for such a construction, but it may be assuned that such a siruciure cin
be shown to have, in two dimensions, the same kind of prepertics as tie onc-dimensional structurcs have in one
dimcension,

A sceond two-dimensional construction is shown in reference 3 for Prmitive Root Diffusers. The prinitive ool
sequence for a prime number p has p-1 elements. The numaber {p-1) will have a pair of Gwtors, say 1 and y. For
example, for p = 13, 12 =4, 3. These two faclors could represent @ two-dimensionat matrix which is just Luge
enough 10 accommoduwe all p -1 clements. I the sequence clements are writien down diagonally in the matrix i
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horizontal and vertical positions modulo x and modulo ¥. then an arcay may be generated:

5 g

d
h
{

...‘n
~ o~

where @, b, ¢, ... represent the successive clements of the scquence.

1t can be shown that the Discrete Fourier Transform of this structure has the same propertics in lwo-dimensions as e
one-dimensional transform of the lincar array. A restriclion, again not given in the reference, is that x and ¥ must
themselves have no common factors.

If required, approximations w Quadratic Residue-based. iwo-dimensional diffusers could also be made in the same
way, by dropping onc tenn from the sequence. By analogy with pseudo-random scyucnce noisc peacrators (based on
maximal-lengih binary sequences), the Juss of one wrm from a long sequence should give negligibly small crrors.

S. PRACTICAL CONSIDERATIONS AND SIMPLIFICATIONS.

The theory so far has shown how number theory might lead 1o the design of a diffusing moduie. There are some
practical considerations which may lead to compromises.

The first, the climination of the dividing walls between the cells, has alrcady been denlt with, It woulld be yuitle
impractical 10 construct significant arcas of two-dimensional diffusers jn an ceonomical wary if it were essenlial 1o
retain the dividing walis. In general, cxeept in the special case of normal incidence, the omission of the walls will
causc some departure from the ideal spatial response. 1L was necessary Lo establish whether, in general applications,
such simplificd modules would be sufTicicnuly uselul (o Justify their development.

Thic modules are also designed to work over a delinilc frequency band but their performance outside those theoreticyl
limits might be importanl. The Moor-ceiling, multiple reflection problem is a particular vase, It is unlikely that o tocal
depth could be accommodated which allowed die theoretival performance down (o the necessary low-frequency linin
(say 400-500 Hz). Therefore, in this important frequency range the diffuscrs would be ‘working” below (beir
theoretical lawer frequency limit, It remained to be demonstrated whether the aut-of-band periomance wauld b
usclul,

Onc very important consideration for large arcas is ihe effect of repeating Uic diffuser paticrn by stacking identical
modules side-by-side. Rel. 3 gives an exicnsive analysis of this fuctor for one-dimensional diffuscrs and shows Lhat
the concentration of energy into discrele spatial frequency components incrcases willl the number of patiern repeals.
This is an undesirable [calure which ultimately resulls in a small number of sharply-defined specular refleclions
instead of the cven diffusion which s the objective. In two-dimensional diffusers with much longer sequenee lengilis
and correspondingly greater numbers of discreie spatial compaonents, this may not be such a scrious problem but a
means of controlling it could be useful. Figs, 2 and 3 show comparable *slices’ through the reflection pattlem for a
particular diffuser design, with onc module and an array of 4x4 modules respectively. The problem arises because of
the adjacent repeats of the sequence. B was thought that a module could be designed which actually incorporated
paucen of different-length sequences, cach of which would have ils own "lobe’ pauerns, lhen the sequences would not
be adjacent and the overall patiem less repetilive - in fact it would be a supet-imposition of several diffractivn
patteras. (It will be seen later that a Primitive Root diffuscr cannol be made in this way, bul that fact had not been
cstablished before the manufucture of prowotypes and the Grst ficld wials).
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Another problem which is clearly relevant but which so far has not reccived any theoretical consideration is that of
the ncar-ficld performance. The simple theory considers only the far-field response, In large spaces this is probably
sufficicnt. However, most applications in smaller rooms involve ncar-ficld conditions. Clearly, there will be some
modification of the theoretical performance if the the incident sound wave is not planc, as assumed. There will also
be differences if the observer or microphonc is close to the diffuser. Whether these factors will be practically
significant remaincd 1o be demonstrated. Initially, it was assumed that cven if the performance were not ‘theoretical®
somc signilicant practical benefits would be oblained.

6. THE DESIGN OF A PRACTICAL PRIMITIVE ROOT DIFFUSER.

An example may be taken of the design of a dilfusing module o replace a standard A3 modular absorber. Such a
module will have a face dimension of 580 mm x $80 mm and a depth of about 185 mm., Because onty some pasts of
the modulc project 1o the maximum catent, it may be acceptable to increase the depth slightly, 1o 200 mm, w obtain a
" slightly lower cut-oll frequency. This corresponds Lo 4 lowest frequency of 860 Hz An upper frequency linit of 12
times that may be thought adcquate - about 10 kHz. This corresponds to a cell widih of about 17 mm. The total width
of the module divided by this cell width gives about 34, that is, the whole module is composed of about 1156 square
cells of about 17 mm sidgs.

Al this point two fundamenial constraints need Lo be considered:
a) 2 squarc arey is nal possible because of the common fuctor Jimitation
b) 2 single sequence should not fill the whole area because of the replition cllects.

Thus, the problem reduces 1o one of findiag an arrangement of sectangular arcays, cach of which contnns (i prime
number- 1) cells, with sides with no common factors and whose total size is 34 or grealer in cach dircction. b fact,
this is not casy for 34 x 34 bul a solution for 3 x 35 is shown in Fig. 4.

The high frequency limit necds some further consileration. Sequence lenglhs of the order of hundreds woulkl
theorctically work up to hundreds of kiloheriz. The cell size (and tie complew diffuser sizc) would be
correspondingly minule. This is obviously both unnccessary and unwanted. The size of the cell has already hoen set
approximatcly by an a priori decision about the upper frequency limit The additional detail in the huadreds of
different ccll depths given by the scquence is unwanted. If the well depih sequence wee 1o be quantised inko
suizbly small aumber of diffcrent depths then, up 1w some freyuency, it would make no difference. Frequencics
abave that will, by delinition, be above the frequency range of interest. Thus, by quantising the eell depths intw, say,
16 diffcrent valugs, the upper frequency limit may be made into the same a5 it would have been for a sequence length
of 16 - that is, for this cxample, 16 . 860 Hz (=13.76 kliz).

The modular diffuser described above is a very complicated structure, especiaily for hand fabrication of protolype
units. With ncarly 1200 picces per module, the prospect of constructing one was Gurly daunting. The idea of
fabricating a batch of 16 for ficld wials was unthinkable. A simplificd version, based on a design upper Irequency
fimiv of 3.4kHz was developed. 1n a similar way 1o the nore detailed version, this was based on i square amay of 122
12 clements, subdivided into smaller sub-acrays and quantised into four differcnt depihs. The clemenls were
nominally S0mm square. Fig. S shows the lasyout of the simplificd module and Fig. 6 shows, as an exampie, the
resulls @ computer calgulation of the relloction paticrn of this diffuser for a frequency of 1720 He, an angle of
incidence of 0,-/4 and a reflection planc at an angle of 0. This Jiffesction pattern is for the theorelical dilfuser with
well walls and with guantised: depths, The absence of the expected ouli at -(angle of incidence) should be noted.
Further study of this theorclical model showed that the principle of assembling smaller PR diffusers into o larges
modulc did not work - the result was the same type of behaviour as a QR diffuser. At the time of the experimeatal
work and the fickd rials, this had not been established.
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7. PRACTICAL RESULTS AND FIELD TRIALS.

A sample baich of 16 modules of the simplified design was constructcd using hand-assembly of lengths of pve Lubing
with moulded pvc end caps. Available siock sizes did oot include the 48.3mm size necessary 10 achicve the nominal
580mm overall dimensions. Inswead, 45mm, squarc-scction whing gave an overall size of 540mm and a border of
20mm all round. Fig. 7 shows a photograph of the compicted prototype modulc.

Aucmpls were made (o measure the reflection propertics of a square array of four of these modules in an ancchuic
chamber at [requencics close to the lower cut-off frequency (860Mz). At these frequencics, a small number of lobes
would be expected {about 4) and autempts were made 1o identify them, In praclice, ¢ven in an ancchoic room, the
small spurious rellections from all of the other surfaces add up until the wanied response is swamped. Even using
time-domain filtering, no more than the broad peaks of the main tobes could be positively identified. These appearcd
1o be approaimaicly in the expecied locations.

Scveral tesl installations have been carried out using the prototype scl, Ia one test room (which was being used 10
invesligate the acoustic problems of control mwoms and in which the vertical *honk® was evident when using carwt
tiles on the floor), the installation of 16 modules on the coiting climinatcd the problem total ly.

The sccond test was a ficld trial in the Anneac 1o the new Television Music Studio at Television Centre. This room
had been originally designed with the usual, nearly-dead acoustic. Subsequently, the users asked for the room w be
brighicned by replacing some of the absorbent ceiling Liles with plain sheets of plasicrboard and removing the carpet
underlay. Predictably, becausc of the lieavy wall treatment, this led to severe ‘honking'. Replacing 16 out of the otal
of about 92 cciling Liles by modular diffusers significanty improved the situation, o the extent that the users then
suggested the remaval of the carpet altogether. At the time of writing, this had not yet been done. The prototype set of
diffuscrs has remained in the room cver since (Fig. 8). It was necessary (0 construct another scl of prolotypes in order
to continuc the evaluation!

In both of these cascs the improvement could be identified subjeclively as well as objectively by measurements of the
decay characterislics using directional microphoncs. The prolonged decay in the vertical dircclion associated with the
subjective problem is usvally quite clearly scen.

Both of these dests gave quite surprising and unexpectedly good resulls, Because of the low deasity at which he
modules could be installed, less than 20% of the area in both cascs, it had been expected that the results would be
uncertain. The concept and the thoory had been bascd on the promisc that the surfaces would be weated fully with
diffuscrs. In fact, it was shown that significantly less than that amount produced complcic subjective and objective
cures of the vertical *honk' problem.

8. CONCLUSIONS.

The weli-cstablished design principles of acoustic diffusers bascd on number theory have been outlined, together with
some extensions to modules which can diffuse inio a solid half-space rather than into a half-planc.

The result is 2 module which reasenably fits inio the normal BBC scheme of acoustic treatment and which may be
used 16 control the sound cnergy Mow pattems within o room by means other than absorption. In ficld trials, these
modular diffuscrs appear 10 be clicctive in curing some acouslic problems. If the initial promise is maintaingd
throughoul further development and ficld wrials and a reasonably ceonomic manufzcturing process can be developed,
the: result will be a useful addition to the range of acoustic conwro! products.
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Some further work remains to be done - on theoretical analysis, on laboratory measurcments, an the development of a
more cconoimical manufaciuring methud and on Lheir use to solve other acoustic design problems - perhaps ultimately
reducing the necd for so much acoustic weatment in studios and conwrol rooms.,
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Fig. 6. Calculated spatial response of prototype

Fig. 5. Layout of prototype diffuscr.
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Fig. 7. Prototype modular
diffuser.
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Fig. 8. Photograph of test
installation.
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