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(54) ACOUSTIC WAVEGUIDES

(57) A method of designing an acoustic waveguide
in which acoustic waves travelling along the waveguide
are treated as exhibiting single parameter behaviour, and
in which the waveguide provides a boundary confining
the acoustic waves as they travel along the wave prop-

agation path and has two substantially parallel, primary
surfaces spaced apart a distance less than a wavelength
of a high frequency acoustic wave. The primary surfaces
may be planar, curved, or a combination of planar por-
tions and curved portions.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to methods for de-
signing waveguide apparatus, and to waveguides pro-
duced using such methods, particularly but not exclu-
sively waveguides for acoustic waves.

BACKGROUND ART

[0002] For the purposes of this invention, the term
waveguides should be construed as encompassing any
apparatus which acts to convey or to emit acoustic
waves; this includes apparatus which conveys acoustic
waves along a path, often non-linear, and loudspeakers,
horns and the like which in general direct acoustic waves
along the length of the loudspeaker to an outlet aperture
where the acoustic waves are emitted into ambient air
for a listener to hear. The present invention is intended
particularly but not exclusively to convey/emit the sound
reproduced by an artificial source such as an electrome-
chanical driver with very little spatial spectral distortion,
giving a sound spectrum very similar to the original
source of the sound over a defined area - that is, to pro-
duce "high fidelity" artificial sound, or sound of a quality
very close to the real sound.
[0003] Typically the range of human hearing is consid-
ered to be between 20Hz and 20 kHz, and the terms low
frequency ("LF") and high frequency ("HF") used herein
should be interpreted as being at one end of this sound
spectrum - such that an apparatus which deals with high
frequencies with high fidelity has poor low frequency fi-
delity, and vice versa. At ground level, a 20Hz acoustic
wave has a wavelength of approximately 17m, and a
20kHz acoustic wave has a wavelength of approximately
17mm.
[0004] There are many different designs of
waveguides and loudspeakers. Controlling the direction-
al characteristics of loudspeakers is necessary to obtain
good sound quality throughout an audience area and
controlling the magnitude of reflections from the walls of
a room. For larger rooms horns may be used both to
achieve sufficient acoustic level and control the spatial
dispersion of the sound.
[0005] One common view of an ideal sound source is
a point source radiating acoustic waves in all directions;
the acoustic waves produced in such an arrangement
would be spherical, and would have no pressure variation
according to the frequency or to the angle or direction
from the source pressure: such waves we refer to as
single parameter waves. In addition to spherical acoustic
waves produced by a point source, cylindrical acoustic
waves produced by a linear source are theoretical exam-
ples of single parameter waves. Both of these waves
have particle velocity radiating in straight lines from the
source so may be ’guided’ without changing their behav-
iour by straight walled tubes radiating from the source.

The simplest form of these ’waveguides’ are a cone or
straight sided pyramid to guide spherical waves and a
prism shaped waveguide to guide cylindrical waves.
[0006] A less well-known wave type is produced by
horns with geometry constructed by rotating the section
of a conical flare around an axial point behind the apex.
Such horns produce toroidal waves where the toroid is
a surface of revolution formed about a circular revolved
figure. Toroidal waves are not single parameter waves
but they can be quite closely approximate due to their
symmetry. Toroidal waves have very little variation of
wavefront shape with frequency and they can very close-
ly approach a toroidal shape, but the pressure increases
near the axis of revolution. Due to the limited angles of
arc used in such horns this pressure variation is of little
practical consequence and many practical devices pro-
duce toroidal waves.
[0007] Horns with curved walls do not allow single pa-
rameter propagation. For low frequencies, where the
wavelength is much larger than the horn section dimen-
sions, say 10 times, the behaviour is determined by the
boundaries. At these low frequencies the wavefronts
must be perpendicular to the horn walls and have con-
stant mean-curvature to give constant local flare across
the wavefront. The constant flare of the wavefront allows
the pressure to remain constant across successive wave-
fronts. In effect, at low frequencies, the wavefront be-
haves as if it is a single parameter wave. However, at
high frequencies where the wavelength is small com-
pared to the horn dimensions, the boundary only effects
the wave within a wavelength of the boundary. Conse-
quently, the fixed free space propagation speed results
in diffraction giving the wave complex shape and pres-
sure distribution.
[0008] The term flare may be applied to describe the
area change of a wavefront or of any part or section of
wavefront as the wave propagates. In this sense flare is
the rate of change of area with distance propagated. This
metric may also be applied to describe the area expan-
sion of spherical waves and cylindrical waves in free
space. In both cases the flare is highest near the source
resulting in a reduction in low frequency radiation for
small sources. The flare from a spherical source is higher
due to the wave being curved in two dimensions whereas
the cylindrical wave is curved only in the plane normal to
the linear source leading to less flare.
[0009] It is also desirable to achieve high output at low
frequencies to cover a wide bandwidth necessitating a
high acoustic impedance at the horn entrance aperture
at low frequencies. This requires an elongated horn with
the corresponding curvilinear walls to limit the rate of ex-
pansion and hence flare of the wave. An exponential horn
is one example of such a horn, but numerous variations
exist with different flare laws. However, simple horns us-
ing these expansion laws do not allow single parameter
wave propagation and have a response spectrum that
varies with position. Discontinuities of the horn’s flare
such as at the outlet aperture of a finite horn may result
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in longitudinal reflection and the corresponding reso-
nances. The wave at the horn mouth also diffracts im-
posing directivity characteristics determined largely by
the mouth size.
[0010] Many conventional loudspeakers and
waveguides are designed so as to produce spherical
waves but these have variable results according to the
wide variation in frequencies they are intended to deal
with. One type of loudspeaker adopting a spherical wave
theoretical approach and methodology to achieve wide
dispersion is the multicell horn, such as is disclosed in
US 1992268. This design is formed from an array of ex-
ponentially flared horns arranged to provide an approx-
imately spherical wave at the outlet aperture. Although
this arrangement provides wide dispersion of HF sound
there is some variation of response with angle due to
imperfections in the wavefront shape and diffraction at
the outlet aperture. However, at low frequencies the high
acoustic impedance at the entrance gives good low fre-
quency output.
[0011] A loudspeaker design adopting a toroidal wave
theoretical approach and methodology is the bi-radial
horn, which is formed from rotating curves with different
axes and centres, as in US4308932. This design has a
narrow slot which opens out equally along two different
radii with two different centres of wavefront curvature,
which opens out into a quasi-conical end section; the slot
approximates a toroidal source. This design suffers from
a discontinuity in area expansion at the slot since the
conical section does not provide high acoustic imped-
ance at low frequencies. This discontinuity results in
standing waves within the horn leading up to the slot and
an irregular acoustic impedance at the horn inlet; in gen-
eral, this type of design can provide good acoustic direc-
tivity or low frequency output but not both. More recently
a design using individual cells has been used to create
a toroidal wave (the Polyhorn* by Turbosound Ltd ("Pol-
yhorn is a registered UK trade mark now in the name of
Blast Loudspeakers Ltd, of UK). Other designs which at-
tempt to shape the acoustic waves they emit are dis-
closed in FR2890481, CN105244019 and US9392358,
but these suffer from similar shortcomings as already de-
scribed, and/or they are relatively complex designs which
are difficult to manufacture inexpensively.
[0012] An alternative approach is to adopt the cylindri-
cal wave theoretical approach and methodology. This
may be achieved using a waveshaper to produce cylin-
drical waves terminated by a prismatic shaped horn to
provide directivity control. The prismic flare expands
mode slowly than a conical flare but has similar issues
with the load resulting in a discontinuity at the end of the
waveshaper. One such design is known as the VDOSC
or V-DOSC loudspeaker (V-DOSC is a trademark of
L’Acoustics SA of Asnières-sur -Seine, France) which
converts spherical acoustic waves into approximately cy-
lindrical waves. This is done by means of a conical sec-
tion and a planar section which join at a corner running
diagonally across the waveguide. The wave guide is fitted

at the output of a loudspeaker, in front of the membrane
or in front of the orifice of a compression chamber, along
the axis of the transducer being considered, and com-
prising a conduit which expands from its inlet to its outlet.
The area of the outlet orifice of the wave guide is planar
and oblong, and its conduit comprises a passage be-
tween the inlet aperture and the output area, adapted to
guide the waves along a general direction from which the
shortest paths allowed in the one or more passages are
all of lengths which are practically identical from the inlet
aperture to the outlet aperture of the conduit. US5163167
discloses a linear array V-DOSC arrangement in which
a prismic horn with rectangular inlet aperture matching
the rectangular outlet aperture of the VDOSC. This
waveguide and horn arrangement can be used in linear
arrays to form a large source of cylindrical waves. This
design is intended to provide sound to large areas. It is
found with these designs that the acoustic pressure var-
ies across the outlet of the loudspeaker, standing waves
are formed within the waveguide at certain frequencies,
and the overall sound fidelity is disappointing, particularly
at low frequencies.
[0013] Other designs which attempt to shape the
acoustic waves they emit are disclosed in FR2890481,
CN105244019 and US9392358, but these suffer from
similar shortcomings as already described.

SUMMARY OF THE INVENTION

[0014] The following terms used herein have the fol-
lowing meanings:

waveguide inlet- either the orifice or aperture through
which the wave enters into the waveguide, or an up-
stream (in the direction of wave propagation) portion
of the waveguide.

waveguide outlet- the orifice or portion of the
waveguide downstream of the waveguide inlet which
provides a new wave shape to a horn, waveguide or
free space

waveguide primary surfaces or walls - closely
spaced, opposed walls which are usually the largest
walls. In the invention these walls are of a specific
geometry to control the wavefront shapes and pres-
sures. It should also be understood that these walls
may be planar, but they do not have to be, they may
be curved, or a combination of planar and curved;
however, they are substantially parallel throughout
(such that the distance between the walls, excepting
the deformation, varies slowly along the path and
remains substantially constant across the wavefront
(i.e. less than 20% variation) or, in the case of an
axisymmetric geometry, at a constant angle across
the wavefront).

waveguide secondary boundary - formed by second-
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ary walls or surfaces, symmetry planes or intersec-
tion between primary walls.

wavefront surface - a surface on which the phase of
a sinusoidal sound pressure has a constant value.

single parameter wave - a wave with wavefront sur-
face invariant with frequency and with constant pres-
sure across the wavefront. The wave speed is con-
stant.

flare - rate of change of area with distance. The flare
may refer to any part of the wavefront.

deformation - a bump or corrugation added to the
primary surfaces. The deformation is added in the
same direction so the spacing between primary walls
does not change.

conceptual waveguide - the virtual or theoretical
starting geometry of a thin waveguide, which shape
is then varied according to the invention so as to
result in a final waveguide shape.

thin waveguide - a waveguide having two primary
surfaces spaced apart a distance less than the wave-
length of a high frequency acoustic wave.

design surface - an intermediate surface in between
the primary walls/surfaces following the shape of the
primary surface(s). These surfaces are used in the
method of the invention to generate deformations in
the waveguide shape and so construct a corrected
waveguide.

wavefront length - the length of the curvilinear inter-
section between a wavefront surface and one of the
waveguide primary surfaces.

wavefront elongation- increase in wavefront length
due to deformations in the primary surfaces.

[0015] Waves which can be defined in terms of a single
spatial coordinate have especially simple behaviour and
are known as single parameter waves. Single parameter
waves are known to provide frequency independent di-
rectivity. These waves all have a constant speed of prop-
agation, and a constant ’rate of expansion with distance
travelled’ or ’flare’ across each wavefront. A single pa-
rameter wave may also be carried by a waveguide formed
as a tube with surfaces normal to the wavefront without
resonance or diffraction. This makes single parameter
waves ideal to either be carried in a waveguide or radi-
ated to give constant directivity.
[0016] Conversely within a waveguide with curved
boundaries waves do not behave in this simple way.
Wavefronts only have a constant flare across them at
very long wavelengths and, at such frequencies, the

wave speed varies locally across the wavefront. For short
wavelengths the boundaries only affect the wave closest
to the boundary and wave speed determines the distance
between wavefronts. The wavefront flattens and reso-
nance may occur. Consequently, the wave will exhibit
undesirable frequency dependant directivity and pres-
sure.
[0017] The invention is based on the realisation that
correcting the low frequency local wave speed deviation
by adjusting the path length locally can allow a wave with
approximately single parameter properties to propagate.
The method involves starting from a conceptual
waveguide shape and correcting it as will now be de-
scribed.
[0018] To do this the waveguide must be thin enough
to allow the wave to follow the waveguide round bends
or corners. Above frequencies where the thickness is ¨
wavelength response irregularities occur, however, in
practice for audio use in large auditoriums some irregu-
larity may be tolerated and the waveguide is preferably
thinner than the wavelength of the shortest wavelength
waves propagated therein (i.e. for an acoustic
waveguide, less than 17mm).
[0019] The conceptual waveguide requiring correction
is formed by two closely-spaced primary surfaces and
two secondary boundaries. Wave-like behaviour is not
apparent in the direction normal to the primary surfaces
due to their close spacing. However, the secondary
boundaries are spaced wider than a wavelength allowing
wavelike behaviour, such as cavity resonance and dif-
fraction, to occur tangential to the primary surfaces.
[0020] The wave enters the waveguide through an inlet
aperture and leaves through an outlet aperture. The
shapes of the inlet and outlet apertures match the geom-
etry of the desired single parameter input and output
waves respectively. For example, the apertures may be
planar, cylindrical or spherical. Even when a single pa-
rameter input wave is provided matching the aperture
geometry the pressure and wavefront shape within the
waveguide will be frequency dependent in the working
bandwidth.
[0021] We can for example consider deforming both
primary surfaces of the conceptual waveguide locally by
a vector approximately normal to the surfaces to form a
’bump’ or ’ridge’ while the thickness is approximately
maintained. The deformation extends the path of the
wave allowing path length to be corrected locally within
the waveguide. A number of such deformations are used
to extend the path in selected positions to create the final
waveguide.
[0022] For long wavelengths the wavefront shape is
determined by the secondary boundaries and the wave
speed can be seen to vary due to the uneven wavefront
spacing. Adding primary surface deformations to loca-
tions where the low frequency wave speed is low is used
to locally increase the wave speed allowing it to be made
equal throughout the waveguide. This allows high fre-
quency waves to propagate with the same wavefront
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shape as low frequency waves and to also have constant
pressure across the wavefronts. In effect, the waveguide
supports single parameter waves but with wavefront
shape or profile that may change as the wave propagates
through the waveguide.
[0023] Due to the nature of waves the effect of bound-
ary conditions is spatially averaged over a quarter of a
wavelength of the upper frequency limit. Similarly, the
geometry may have deviations from the ideal but if these
are small the wave may still behave simply. In particular
at the peak of the deformations there is no distance added
so this region should be kept small compared to a wave-
length at the upper frequency limit.
[0024] Correcting the distance the wave travels along
by using deformations creates some elongation across
the wavefront and a corresponding increase in area. For
example, the length of the wavefront along the primary
surfaces will increase in the region of deformed primary
walls/surfaces. An adjustment to the local distance be-
tween primary walls in the region of the deformation may
be used to correct local area changes due to the wave-
front elongation.
[0025] The present invention provides both a method
of designing a waveguide and new designs of
waveguides. So there is provided in a first aspect a meth-
od of designing a waveguide for conveying acoustic
waves along a wave propagation path through the
waveguide from a waveguide inlet to a waveguide outlet,
the waveguide providing a boundary confining the acous-
tic waves as they travel along the wave propagation path
and being configured to restrict the size of the waves in
one dimension to a distance less than a wavelength of a
high frequency acoustic wave, the method comprising
the steps of:

(1) defining the shape of the boundary at the
waveguide inlet and at the waveguide outlet, and
defining the distance between and the relative ori-
entation of the waveguide inlet and the waveguide
outlet according to a predetermined flare and
waveguide input impedance;

(2) defining a conceptual waveguide shape to join
the waveguide inlet to the waveguide outlet such that
any variation in boundary shape and/or in direction
of the waveguide propagation path are progressive
along the waveguide propagation path;

(3) deriving from the conceptual shape of the
waveguide a theoretical design surface extending
along the waveguide propagation path and dividing
the waveguide in a direction parallel to the said one
dimension;

(4) defining a series of three or more spaced points
along a wave propagation path through the
waveguide;

(5) deriving homogeneous wavefront surfaces and
their shapes within the waveguide at each of the se-
ries of points;

(6) deforming the shape of the design surface be-
tween each successive pair of spaced points normal
to the design surface by a distance such that the
propagation distance between the derived wavefront
surfaces at the two spaced points is substantially
constant;

(7) adjusting the conceptual waveguide shape in a
direction parallel to the said one dimension by off-
setting the deformed design surface by the said dis-
tance less than a wavelength (i.e. the distance be-
tween the primary surfaces) at the spaced points,
and

(8) calculating the flare of the derived wavefront sur-
faces at each of the spaced points and adjusting the
local boundary dimension in a direction parallel to
the said one dimension such that the flare for suc-
cessive derived wavefront surfaces is appropriate
for a predetermined acoustic load, and either

(i) the flare of the derived wavefront surfaces is
constant across the whole of the derived wave-
front surface, or
(ii) the flare varies smoothly and gradually
across the derived wavefront surface.

[0026] A significant benefit of the approach of this in-
vention is that wavefront curvature, tangential to the pri-
mary surfaces, determines directivity whereas the flare
also depends on the spacing between primary surfaces.
Consequently, the spacing between the primary surfaces
may be used to adjust wavefront area and flare inde-
pendently of wavefront curvature and hence dispersion.
For example, the method allows approximately single pa-
rameter waves of appropriate curvature to be produced
at the output aperture with area expanding exponentially
between inlet and outlet aperture giving the low frequen-
cy output of an exponential horn and beneficial properties
of single parameter waves. So, despite the waveguide
having curved secondary boundaries, the wave through-
out the invention waveguide behaves in a simple way.
[0027] The shape of the boundary at the waveguide
inlet and at the waveguide outlet is preferably defined by
reference to the desired wave shape. For a waveguide
having primary surfaces to restrict expansion of the
waves in the said one dimension and secondary surfaces
to restrict expansion of the waves in a second dimension,
the method may comprise deriving the shapes of the ho-
mogeneous wavefront surfaces at each of the series of
points by assuming that each wavefront has a constant
flare, and that each wavefront is perpendicular where it
contacts the primary and secondary surfaces as the
wavefront travels along the propagation path. The con-
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figuration of the waveguide is such that in most embod-
iments the primary surfaces are separated by a distance
less than the wavelength of a high frequency acoustic
wave.
[0028] The wave may be provided by a compression
driver via a suitable waveguide to provide the required
wavefront at the inlet aperture or in the case of numerical
models a vibrating surface at the inlet aperture which is
moving with a constant velocity normal to its surface.
[0029] Although many formulations may be used to cal-
culate suitable deformations a simple method based on
wave shape is especially effective since it allows a con-
stant path length between wavefronts to be maintained
whilst minimising wavefront elongation.
[0030] The rate of extension of the propagation dis-
tance due to the deformations is determined by the de-
formation slope in the direction of propagation. Regions
where the deformation changes direction have varying
slope so cannot correct the propagation speed of the
wave exactly along the whole path. However, by ensuring
the path length increase spatially averaged along the
path over ¨ wavelength distance is correct, the
waveguide will function as intended.
[0031] A more general approach than the approach
defined above is possible. Deformations defined by pat-
tern other than wavefronts may be used to reduce the
propagation speed variation and allow approximately sin-
gle parameter waves. The pattern should be chosen to
minimise wavefront elongation and allow sufficient vari-
ation of path length to correct for propagation speed var-
iations within the waveguide. Wavefront elongation will
be greatly increased if numerous deformations lie across
the wavefronts. Such an approach may be suitable for
optimisation without going through the example process
but simply by adjusting the height of the deformations
iteratively to find the best response.
[0032] In some cases it might not be desirable or pos-
sible to correct the flare such that it is constant across
each wavefront. In this case the wave amplitude will nor-
mally reduce in regions where the flare is higher, and the
waves will not be single parameter. However, provided
the amplitude reduction is small (6dB), improved behav-
iour is often observed due to the propagation speed cor-
rection of the deformations.
[0033] Where the primary surfaces intersect the
waveguide will only have one secondary wall and a seg-
ment-type geometry results. This non-ideal case of the
invention is useful where amplitude shading is required,
or where circular arrays are being used.
[0034] The methods according to this invention may
incorporate many other approaches or assumptions,
such as that the shape of the boundary at the initial point
is significantly different from the shape of the boundary
at the subsequent point (the solution is more difficult to
calculate the more significant this difference). Others in-
clude: 1) that the wavefronts are cylindrical, spherical or
toroidal or that the wavefronts have compound curva-
tures in two orthogonal directions; 2) assuming that the

sound pressure level does not vary where the path is
non-linear; 3) assuming that the distance between each
successive pair of wavefronts is constant; 4) treating the
waves as having wavefronts with different points on each
wavefront having different individual paths along the
nominal shape of the path with the nominal shape of the
boundary being modified so as to vary the lengths of at
least some of the individual paths adjacent to the bound-
ary, and 5) carrying out the methods relating to the shape
of the wavefronts, for an acoustic waveguide at a low
acoustic frequency, preferably with a wavelength at least
double or more preferably ten times the width of the
waveguide between secondary walls. The easier method
would be in the case where the wavefront surface area
remains substantially constant, but in some applications
this area would have to vary (at the cost of increased
difficulty in the design process); for example, a
waveguide in which there is no variation in area is com-
monly understood to be a "simple" waveguide, while an
arrangement in which the area increases along the path
is the case in a loudspeaker horn. It would be similarly
easier where the shape of the boundary remains sub-
stantially constant, but again there are some applications
where this shape will vary (examples of the latter are
waveguides which convert acoustic waves from an an-
nular source (toroidal waves) to a linear form (cylindrical
waves), or from cylindrical to toroidal). In practice, the
solutions where there is variation in area and/or shape
may encompass the more useful waveguide designs -
for example, the waveguide may be one which is intended
to change the shape of wavefront: the wavefront may be
planar at the initial point and be converted to spherical
or cylindrical by a "horn-type" waveguide. Or, the
waveguide could perform as a "VDOSC-type" arrange-
ment, converting the wave shape progressively from a
plane, annular shape to spherical and then to planar
waves. Alternatively a waveguide such as a ’corner’ type
waveguide may simply change the orientation of a plane
wave.
[0035] It is believed that the methods of this invention
have not been used previously, and therefore the present
invention also extends, in another aspect, to waveguides
which have been designed using such methods. For ex-
ample, the present invention provides a waveguide for
conveying acoustic waves along a wave propagation
path through the waveguide from a waveguide inlet to a
waveguide outlet designed as described above, the
waveguide providing a boundary confining the acoustic
waves as they travel along the wave propagation path
and having two substantially parallel, primary surfaces
spaced apart a distance less than a wavelength of a high
frequency acoustic wave.
[0036] The shape of the boundary may vary progres-
sively along the path. The boundary may be offset in a
direction perpendicular to the primary surfaces to form
one or more localised deformations in the propagation
path. The extent of the offset may vary in a direction par-
allel to the primary surfaces. The distance between the
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primary surfaces is preferably substantially constant, and
is preferably less than the wavelength of the HF waves
propagated along the waveguide (and for acoustic
waveguides is preferably less than the wavelength of the
highest frequency audible to a human listener, that is
between 2mm and 15mm, preferably between 5mm and
12mm and more preferably about 7mm). For applications
where the frequency limit is lower the spacing may be
increased accordingly .The primary surfaces can be sub-
stantially planar, curved, or a combination of curved and
planar. The shape of the boundary at the inlet and outlet
may be the same or different. The cross-sectional area
of the boundary along a wavfront at the initial and sub-
sequent points may be the same or different.
[0037] Waveguides in accordance with the invention
have the benefits described above; they are also revers-
ible in that it will also function as a wave-shaping
waveguide if a wave is input at the outlet provided it
matches the outlet aperture geometry.
[0038] An array of identical or dissimilar waveguides
according to the invention may be used to form large
wavefronts with a desired geometry. Two or more acous-
tic waveguides can be disposed adjacently so that the
primary surfaces of a first waveguide form, on its reverse
side, the primary surfaces of a second waveguide. The
primary surfaces may be unitary with the secondary sur-
faces. A compound loudspeaker may comprise two or
more waveguides with their paths located in series and/or
in parallel: in series so that an acoustic wave from a first
waveguide progresses directly into a second waveguide,
in parallel to provide an array of waveguides as in a loud-
speaker array.
[0039] The acoustic source for such waveguides is
preferably a linear and/or curvilinear source extending
transverse to the nominal planes of the primary surfaces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The invention will now be described by way of
example and with reference to the accompanying figures,
in which;

Figure 1 is a schematic perspective view of a thin
waveguide;

Figures 2a and 2b are schematic illustrations of a
flat, planar waveguide or horn conveying cylindrical
waves;

Figures 3a and 3b show a thin rectangular ’corner
waveguide’ 30 forming a 90 degree bend, Figures
3c and 3d show steps in the design process of this
invention starting from the corner waveguide of Fig-
ure 3a, and Figure 3e shows a waveguide in accord-
ance with the invention;

Figure 4a is a prior art thin extruded waveguide;

Figure 4b shows the deformed design surface for
the waveguide of Figure 4a;

Figure 4c is a schematic view of the waveguide
formed from the design surface of Figure 4b;

Figure 4d shows part of a waveguide designed in
accordance with the invention;

Figure 5 is a schematic view of another embodiment
of part of a waveguide in accordance with the inven-
tion;

Figure 6 is a schematic view of a further embodiment
of part of a waveguide in accordance with the inven-
tion

Figure 7 is a schematic view of yet another embod-
iment of part of a waveguide in accordance with the
invention;

Figure 8 is a view of one more embodiment of part
of a waveguide in accordance with the invention;

Figure 9 is a schematic view of an array of
waveguides in accordance with the invention form-
ing a compound waveguide;

Figure 10 is a schematic view of an array of
waveguides of the type shown in Figure 4c forming
a compound waveguide;

Figure 11 is a schematic view of an array of
waveguides of the type shown in Figure 4c forming
another compound waveguide, and

Figure 12 shows another array of waveguides of the
type shown in Figure 4c forming a further compound
waveguide.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0041] Where in what follows the same elements are
shown in different drawings they have the same refer-
ence numerals; where an element is described which
has a similar function but which is dissimilar in appear-
ance to an element previously described, the latter ele-
ment will have the same reference numeral but with the
addition of a letter suffix. We will now describe, with ref-
erence to the drawings, the process of designing a
waveguide in accordance with the invention - which may
be set out in the following steps (which steps are further
referred to below):

1. Define the wave shape and hence geometry for
inlet and outlet apertures. At least one aperture for
the waves must be more than a wavelength long in
the primary direction and both apertures less than a
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wavelength in the secondary direction.

2. Define the distance and orientation between inlet
and outlet aperture to allow the designed flare and
hence waveguide input impedance.

3. Define a conceptual waveguide between input and
output apertures and from this a ’design surface’,
usually midway between the primary surfaces of the
conceptual waveguide, with inlet and outlet surfaces
and sides bounded by the secondary surfaces or
symmetry planes or intersection between primary
surfaces.

4. Choose a series of at least 3 points along a path
the wave may be expected to travel. The spacing
between points is larger than spacing between pri-
mary walls and small enough to give deformed sur-
faces without excess wavefront elongation.

5. Derive homogeneous wavefront surfaces within
the waveguide passing through the points chosen in
5 using a method such as the ones below:

a) In the case of simple geometries the wave-
front shape may be deduced from the boundary
conditions. For example, assuming firstly con-
stant flare of each wavefront and secondly that
the wavefronts are perpendicular to the primary
and secondary boundary surfaces.

b) Calculate wavefront surfaces through the
points at a frequency low enough for the wave-
length to be preferably ten or a hundred times
longer than the width of the waveguide.

c) Solve Laplace’s equation and finding homo-
geneous constant value surfaces of the solved
parameter through the points.

d) Use experimental methods to measure wave-
fronts.

6. Between each successive pair of derived wave-
front surfaces add deformations normal to the design
surface with height chosen such that the propagation
distance between each pair of wavefronts is con-
stant.

7. Create a waveguide according to the invention by
offsetting the design surface by the thickness of the
conceptual waveguide in corresponding positions.

8. Calculate wavefront flare and locally adjust the
spacing between the primary surfaces such that:

a) Except where amplitude shading at the output
is appropriate the flare is constant across a

whole wavefront.

b) The flare for successive wavefronts through
the waveguide is appropriate to give the desired
acoustic load.

c) Where amplitude shading at the output is ap-
propriate, for example for non-parallel primary
surfaces, the flare may vary smoothly and grad-
ually across the wavefront.

9. The process from 7 may be repeated using a ge-
ometry derived with the method and derived wave-
front surfaces for the deformed geometry allowing
further adjustments to be made.

10. The height of corrugations, spacing between cor-
rugations location of secondary boundaries at the
top of the corrugation may be adjusted incrementally
as part an iterative process to minimise variations in
the transfer function at the outlet of the waveguide.

[0042] Figure 1 is a schematic perspective view of a
thin acoustic waveguide 1 consisting of rigid surfaces
which join the inlet aperture 3 to the output aperture 5
and define a wave propagation path between the inlet
and the outlet. In use, an acoustic wave enters the
waveguide 1 through the inlet aperture 3 between the
primary surfaces 7 and secondary boundary surfaces 9
passing along a path 11 to the output aperture 5.
[0043] Figures 2(a) and 2(b) are schematic illustrations
of a flat, cylindrical thin waveguide 1a, or prismatic horn,
suitable for conveying cylindrical waves 13 (a few of these
are shown schematically). A cylindrical wave enters the
waveguide at entrance aperture 3a and is guided by pri-
mary surfaces 7a and secondary surfaces 9a to the out-
put aperture 5a. In Figure 2b the part of the wave travel-
ling along the path 15 passes directly through the
waveguide whereas the part of the wave travelling along
path 17 passes over deformation 19 which increases the
distance travelled by the wave.
[0044] Figure 3a shows a thin rectangular ’corner
waveguide’ 1b forming a circular 90 degree bend about
an axis (not shown), and having an inlet 3b and an outlet
5b which are joined to straight input and output duct por-
tions 31, 33. A source (not shown) provides plane waves
to the input duct 31 which propagate through the corner
waveguide to the output aperture 5b and into the output
duct 33. The two ducts and corner waveguide have con-
tinuous primary walls 7b extending around the corner
which are spaced 5mm apart - less than a half wavelength
of sound at 20kHz, the maximum working frequency. The
spacing between secondary walls 35 is 50mm, signifi-
cantly greater than the 20kHz wavelength. The corner
duct inner secondary wall 35 has a radius of 100mm. The
wave is assumed to exit the outlet aperture 37 of the
outlet duct 33 as if there is a matching infinite duct ex-
tending it.
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[0045] In the numerical simulations a vibrating surface
at the inlet aperture 39 which is moving with a constant
velocity normal to its surface produces plane waves and
an infinite duct impedance condition is applied to the out-
put aperture 37 of the output duct 33.
[0046] To evaluate the waveguide performance the
pressure at three points is calculated: at the duct 1b out-
put aperture 5b, one at both secondary walls 9b and one
midway between them. At 3.4kHz the wavelength is
equal to the duct width; above this response irregularities
of up to 20dB magnitude occur and the waveguide cannot
be used to transmit a high frequency signal.
[0047] Figure 3b shows the corner waveguide 1c
where the path lengths 311, 312, 313 & 314 around the
corner (one of which defines the inner edge of the corner,
with the other three dividing the overall width equally)
have been equalized by progressively elevating the
waveguide create an undulation having a single "crest"
315 with a maximum height 316 halfway around the cor-
ner. Due to the steep radial inclination, the width of the
duct 1c increases by 195% at the crest 315, leading to
large wavefront elongation between the secondary sur-
faces 9c which are (continuous around the corner).
[0048] Paths of a wave may either be calculated or
deduced. They are normal to the wavefronts and have a
smooth curve. Where the primary surfaces are spaced
by a constant distance the paths are equally spaced.
[0049] The illustrated waveguide has spacing between
primary surfaces 7c which is adjusted to ensure that the
cross-sectional areas 321, 322, 323 & 324 at each of the
three points around the corner waveguide 1c are all equal
to ¨ of the areas at the inlet and outlet apertures 321c,
322c, 323c & 324c (for clarity, only the areas at the outlet
aperture are referenced on the drawing, but the areas at
the inlet end are clearly shown and are equal in area to
the referenced areas).
[0050] Numerical simulations show the area corrected
waveguide of Figure 3b has a low cut-off frequency of
2.3kHz compared to 3.4kHz of a non-area adjusted
waveguide (not illustrated), possibly due to the increased
width. Above the cut-off frequency the sound pressure
response at the output aperture to becomes highly irreg-
ular with numerous response irregularities of tens of dB.
Neither design of waveguide provides a significant im-
provement to the regularity of the output sound pressure
response of the conceptual waveguide in Figure 3a.
[0051] Figure 3c illustrates initial steps in the design
process of the present invention using the waveguide
design of Figure 3a as the conceptual design shape.
[0052] Step 1 (as set out 3 pages above). The inlet 3b
and outlet apertures 5b provide the surface of initial and
final wavefronts passing through the waveguide 1b (note
that for clarity Figure 3c does not show the corner
waveguide extending between the inlet and outlet ducts
31,33, the part-circular element shown is the design sur-
face 340 (described further below)).
[0053] Step 2. The apertures 3b,5b are at 90 degrees
about axis 331, and have a maximum circumferential dis-

tance apart defined by the length of the longer, outer
edge 333, the minimum distance between the apertures
being defined by inner edge 335.
[0054] Step 3. The design surface 340 lies midway be-
tween primary walls 7c and extends to the secondary
walls 9b shown in Figure 3a.
[0055] Step 4. A path 342, along which the wave may
to be expected to travel, is defined between inlet and
outlet apertures 3b, 5b on the design surface 340. As a
possible approach it is decided that five corrugations or
undulations will be required to reduce wavefront elonga-
tion; four points 343, 344, 345 & 346 on the path 342 are
chosen, equally spaced around the axis 331.
[0056] Step 5a). The low frequency wavefronts have
been deduced to lie on the planes 350, 351, 352 & 353
which passing through the axis of rotation 331 of the cor-
ner and the design surface 340. The remaining two wave-
front surfaces (which together with the four points
343-346 will be used to define the five corrugations) lie
on the intersections of the inlet and outlet apertures 3b,
5b and the design surface 340. It can be seen that the
spacing between successive pairs of wavefronts is closer
near the secondary wall at the inner edge 335 than the
secondary wall at the outer edge 333, resulting in the
wave speed being lower near the inside corner.
[0057] Step 6. Figure 3d illustrates the deformed de-
sign surface 340d showing the five corrugations 361,
362, 363, 364, 365. The deformation of surface 340d is
designed so as to to give equal path lengths along the
wave paths 333, 376, 377, 378, 379 and thus minimise
wave speed differences.
[0058] In this example the paths are of the form of a
’saw tooth’ section geometry with a radius at the crest
380 and trough 381 joined by an approximately flat sur-
face 382. This geometry may provide good correction for
the linear part of the section since the slope may provide
correct compensation over a greater distance so fewer
corrugations are required compared to a section formed
from radii.
[0059] As a consequence of the equally spaced wave-
fronts chosen the corrugations are identical simplifying
construction. The wavefront elongation due to the differ-
ence between the length of the line defining the wavefront
position and the line along the crest of the corrugation is
less than 5% compared to the 95% distortion of Figure 3b.
[0060] Step 6. Figure 3e shows a corner ’wave-shaping
waveguide’ 1e, according to the invention, with primary
surfaces 7c created by symmetrically offsetting the de-
sign surface 340 in Figure 3c as shown in Figure 3d to
provide a duct having five corrugations. The wave-shap-
ing corner waveguide is connected to input and output
ducts 31, 33 with the same source and termination as in
the previous example using the waveguide in Figure 3a
as the conceptual design.
[0061] Step 7, not illustrated
[0062] Using more undulations to increase path length
gives much less wavefront elongation than might be ex-
pected due to the low height of the undulations neces-
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sary. The gradient determines the extent of the local in-
crease of path length and the alternating gradient is de-
fined in the light of the spatial averaging due to the be-
haviour of waves. Consequently local errors of path
length will not affect the performance as long as they are
smaller than ¨ wavelength of the maximum frequency.
[0063] The corner geometry at the corners at the crests
380 determines a frequency above which reflections and
resonance occur. Preferably these corners only extend
along the path for half a wavelength to avoid the impact
of gradient errors.
[0064] For the waveguide in Figure 3e the magnitude
of the sound pressure response irregularities is of the
order of a dB below 20kHz since the thickness of 5mm
is less than © a wavelength.
[0065] Figure 4a shows a prior art thin extruded
waveguide 41 (The waveguide is symmetrical about
plane 401 so only half a waveguide need be considered
for modelling and analysis, and half of the waveguide is
shown here only in phantom) with planar primary walls
5mm apart, and secondary walls 49 formed from an ex-
ponential shaped curve. The waveguide is used as a con-
ceptual waveguide for the example design process.
[0066] Step 1. A cylindrical wave 35.5mm wide enters
the inlet aperture 3, which is cylindrical with a circumfer-
ential width of 35.5mm and an included angle of 18.5
degrees. The outlet aperture 5 is also cylindrical with a
circumferential width of 375mm and an included angle
of 60 degrees.
[0067] Step 2. The distance between inlet and outlet
aperture is chosen to be 362mm which provides a high
pass response with a -6dB point at 220Hz. Above 500Hz
the response near the symmetry plane will rise for in-
creasing frequencies whereas the output near the sec-
ondary wall falls. In this case the variation is between
these two positions is 15dB at 10kHz meaning that the
sound quality is very poor in places.
[0068] Step 3 The waveguide consists of primary walls
(not shown) and secondary boundaries of secondary wall
49 and symmetry plane 401.
[0069] Step 4. A path (dotted line 403) is chosen to be
the intersection between the design surface 440 and
symmetry plane 401. Nine points 405 equally spaced
along the path are chosen to calculate wavefronts at
those points.
[0070] Step 5b. Wavefronts are calculated at the points
chosen in step 4. Two example wavefronts are shown
406 & 407 with the intersection lines with the design sur-
face and wavefronts 406, 407.
[0071] The distance between the two wavefronts 406
and 407 at the secondary wall 49 is less than the distance
at the symmetry plane 401. This is a result of lower wave
speed near the wall 49 which requires deformations with
greater height near the wall.
[0072] Figure 4b shows the deformed design surface
416 according to the example step 6 for the geometry in
Figure 4a. Intersection curves for wavefronts are shown
for all of the low frequency wavefronts 411. The wave-

fronts were derived as described in step 5a. Deforma-
tions forming wave-like corrugations running along the
wavefronts are formed by a series radii constrained to
have the same perimeter length along the corrugation.
For example, the corrugation 412 has the same perimeter
length along paths 413, 414, 415. The crests are tallest
where the low frequency wavefronts are closest and
wave speed lowest.
[0073] Figure 4c shows the wave-shaping waveguide
41a formed by step 7 of the example design process on
the design surface in Figure 4b. The design surface 440
in Figure 4b is symmetrically offset by +/- 2.5mm. A com-
plete waveguide geometry may then be formed by adding
the geometry reflected in the symmetry plane 401. A cy-
lindrical wave is provided at the inlet aperture 3 by a pris-
matic input waveguide 421 and the output aperture leads
to a prismatic output waveguide 422 with a wall tangential
to the secondary wall formed from an exponential shaped
curve of Figure 4a defining the wave-shaping waveguide
41a. Up to the frequency where a wavelength is double
the thickness of the waveguide (the vertical dimension
in the drawing) the pressure across the outlet aperture 5
has minimal pressure variation. Numerical simulation
shows pressure at points 423, 424, 425 at the output
aperture are within 1dB up to 20kHz. When provided with
a source generating wavefront matching the inlet aper-
ture geometry and terminated in a matching manner the
waveguide allows the wave to behave as a single param-
eter wave throughout the waveguide to a very close ap-
proximation.
[0074] Figure 4d shows half of a wave-shaping
waveguide design according to the example method with
symmetry plane 401. The secondary wall 49 has a
smooth profile and is tangential to the walls of the inlet
and outlet waveguides. The inlet and outlet waveguides
are prismatic, the inner with an angle of 60 degrees, the
outer with the smaller angle of 30 degrees. This results
in a lower low frequency wave speed on axis resulting in
deeper corrugations along the symmetry plane 401.
Curved wavefronts were deduced using example method
step 6a at points spaced 33mm apart. The corrugations
section shape is sawtooth with corners blended with 5mm
radii. Although the thickness in the conceptual geometry
is constant in the illustrated example an overall exponen-
tial or other flare law may be achieved by adjusting the
offsetting distance so the wavefront area changes ac-
cording to the desired law. Numerical simulations
showed that while the conceptual waveguide design has
sound pressure response irregularities of several dB in
the upper part of the frequency range the wave-shaping
waveguide according to the invention has variations less
than one dB.
[0075] Figure 5 shows a quarter of a wave-shaping
waveguide designed according to the example method
with two perpendicular planes of symmetry 501, 503 in-
tersecting with the rotational axis of the inlet aperture 3e.
Both inlet and outlet apertures are planar with a prism
shaped waveguide 505 terminating the outlet aperture
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5e. The apertures 3e, 5e have differing profiles with an
annular inlet aperture and a rectangular outlet aperture
of larger area respectively. In this example the wavefront
shape does not change although its profile and area both
change.
[0076] A design surface (not illustrated) was chosen
to minimise path length variation, and width variation,
between the midway line across each aperture. Numer-
ical methods were used to calculate wavefronts at 100
Hz, 1/10th of the lower working bandwidth limit of
1000Hz. The wavefronts were calculated at 0.1 degree
phase increments and used as explained in example de-
sign procedure step 6b to add corrugation type deforma-
tions to the primary surfaces. In this case only the begin-
ning and end of the waveguide required correction to give
the desired increase in wave speed. In this case a
waveguide according to the invention was numerically
solved and the wavefront surfaces extracted and extend-
ed to use as a geometry to create a waveguide according
to the invention in which the wavefront expands expo-
nentially.
[0077] Figure 6 shows one quarter of a wave-shaping
waveguide with two orthogonal planes of symmetry 602
and 604 designed according to the example method. The
planes of symmetry are orthogonal and their intersection
is co-linear with the axis of rotation of the inlet annulus
3f. The wave-shaping waveguide has a planar annular
inlet aperture 3f and a cylindrical rectangular profile outlet
aperture 5f to adapt the profile and shape of the waves.
Both inlet and outlet apertures 3f, 5f have equal area. A
design surface is formed to minimise path length variation
and maintain the width to one quarter of the inlet aperture
circumference. The corrugation type deformations were
added using surfaces defined by calculated wavefronts
for 100Hz with 0.1 degree phase increments.
[0078] Figure 7 Shows a waveguide according to the
invention designed with a conceptual waveguide formed
from obliquely joined annular conical waveguide 761 and
planar waveguide 762. The geometry appears similar to
the VDOSC but the width of the outlet aperture 5g match-
es one quarter of the circumference of the annular inlet
aperture 3g to avoid the wave elongation in the planar
section 762. This leads to the conical section and plane
section having different angles 763, 764 relative to the
central axis A and different pathlengths. The two planes
of symmetry are 765 and 766.
[0079] Since the wavefront width remains constant in
the planar section 762, as in a duct, plane wave propa-
gation may be assumed and the design method applied
resulting in corrugation type deformations on the less
steeply angled conical section 763. The wave travelling
within the conical section will exhibit wavefront elongation
since the circumference of the annular channel increases
as the wave propagates. This may be compensated for
by reducing the spacing between the conical corrugated
primary surfaces at the inlet and outlet 767, 768. This
waveguide has a response with only a fraction of a dB
variation across the width compared to 3dB for the prior

art. The reduced variation of pressure across the
waveguide output aperture is especially important for ar-
rays of this type of waveguide where a coherent wave is
required to give the expected behaviour.
[0080] Fig 8 shows a wave-shaping waveguide, ac-
cording to the invention joined to an input waveguide 81
and output waveguide 82. The conceptual waveguide for
the wave-shaping waveguide was a four degree segment
of a rotated body shown by the dotted lines 83 & 84. The
input and output waveguides are also four degree seg-
ments of a body of rotation the other secondary boundary
being formed by this the symmetry axis. The wave-shap-
ing waveguide has primary sides 7h which intersect on
the axis of rotation 85 with one secondary side 9h.
[0081] In this example the input waveguide is not an
exact single parameter waveguide, since wall 186 is
curved, however, it is approximately conical and wave-
front errors are smaller than quarter of a wavelength at
the maximum frequency with amplitude shading of only
a fraction of a dB.
[0082] Where the conceptual waveguide is axisym-
metric, the primary surfaces are not parallel and, al-
though the low frequency wave speed can be satisfac-
torily corrected, the flare cannot be made constant since
the wavefront area increases with radial distance from
the axis due to the variation of spacing of the primary
walls. This leads to amplitude shading which may be tol-
erable or even desirable for some applications.
[0083] Fig 9 shows an array of plates 90 forming pri-
mary walls for a number of waveguides between the
plates. Secondary walls, as shown in Figure 8, form a
surface enclosing the plates 90. This surface is produced
by rotating curve 84 in Figure 8 around axis 85
[0084] The shallow corrugations have allowed the
wave-shaping waveguide in this example to be defined
with identical primary surfaces lending themselves to the
use of formed sheets of material to manufacture the array
walls. In some cases it may be advantageous to combine
solid walls with sheet walls.
[0085] Since the spacing between the plates decreas-
es both near the axis 85 and the inlet aperture the primary
surfaces are trimmed to a number of different diameters
91, 92, 93 and different lengths 94, 95 to reduce effects
due to the thickness of walls formed from the primary
surfaces and tolerance problems with very small gaps
between these walls. This has the result that the
waveguides are combined in regions where the distance
between primary surfaces are less than a quarter wave-
length apart. This simplification of the design is chosen
since the propagation of the wave will be unaltered due
to symmetry.
[0086] Figure 10 shows half of a linear array 200 in
which there is a plurality of flat elements 202. Adjacent
elements 202 define between them a wave-shaping
waveguide 120 as shown in Figure 4c; thus, the array
200 comprises an array of adjacent waveguides 120,
sectioned along a symmetry plane as illustrated in figure
4c. In use a plane wave is input to the apertures 204 on
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the inlet side of the array, and tapered sections 206 split
the input wave of the wave into segments at the wave-
shaping waveguide inlets 3j before they enter the wave-
shaping waveguides 120. After passing through the
waveguides 120 the wave leaves through output aper-
tures 5j entering tapered sections 208 recombines the
sections into a large cylindrical wave at the cylindrical
surface defined by the outer edges 210 of the flat ele-
ments 202. The deep corrugations 212 near the array
output aperture 205 result in waveguide primary surfaces
with differing geometry, so the members 202 have vary-
ing thickness and are preferably solid rather than hollow.
The walls 214 of the outer section of the array are shaped
to reduce diffraction fringing.
[0087] Figure 11 shows half of an array 200k of wave-
shaping waveguides similar to the array 200 in Figure 10
but with the individual elements 202k defining the
waveguides arranged in a rotational array about the axis
220, with a symmetry plane as before. In use an acoustic
wave passes through the first waveguide section 222
which divides the wave into the individual waveguides,
then propagates along the second waveguide section
224, which is the wave-shaping part of the waveguide,
then through the third section 226 which recombines the
waves into a toroidal wavefront at 228, the surface formed
at the outer edges of the elements forming the
waveguides. The walls of the final, fourth section 230 are
shaped to reduce diffraction fringing.
[0088] The first and third sections 222, 226 allow the
wave to expand or contract normal to the planes of the
elements 202k following on from the primary walls with
walls shaped to provide the desired area expansion.
[0089] Figure 12 illustrates an array 200l of wave-shap-
ing waveguides similar to those of Figures 10 and 11,
but here the walls of the final, fourth section 2301
waveguides are curved in a second dimension so as to
provide varying dispersion angles at the output apertures
51. Such an arrangement of dissimilar wave-shaping
waveguides can produce an incremental change in
wavefront shape and amplitude shading. In this case the
amplitude shading is provided by the angle variation -
the upper wave-shaping waveguides have a wider dis-
persion resulting in lower sound pressure level than the
lower waveguides.
[0090] It is also possible (but not illustrated) to vary the
inlet aperture height of arrays such as those of Figures
10, 11 or 12 to adjust the input energy. For example de-
creasing the inlet aperture but not the output aperture
will decrease the output pressure. This provides the op-
portunity to design wave-shaping arrays to provide a
wavefront with tailored shape, profile and amplitude
shading to give even coverage of a specific area. In this
case is it most likely that the wave-shaping elements
would be produced by means of 3D printing.
[0091] It will of course be understood that many vari-
ations may be made to the above-described embodiment
without departing from the scope of the present invention.
For example, the inventive waveguide has been defined

in relation to a high frequency wave, and high frequency
has been defined as being towards the upper end of the
audible spectrum; it will be understood that in certain ap-
plications a waveguide may be designed which is intend-
ed for a range of acoustic frequencies which terminate
significantly below the audible high frequency limit (of
about 20kHz; for example, a waveguide may be intended
to convey acoustic frequencies between 100to 100Hz,
in which case the waveguide is designed in relation to
the wavelength of the highest frequency which the
waveguide is intended to convey). Examples are given
in which there are a plurality of corrugations along the
waveguide, but it should be understood that a compound
waveguide could comprise a series of sections, each
having only a single corrugation, with a straight
waveguide section between corrugated sections.
[0092] The present invention has been described here-
in with reference to acoustic apparatus; however, it will
be appreciated that the principles described above are
equally applicable to electromagnetic waves, particularly
those of microwave wavelength, and the present inven-
tion therefore extends to methods and waveguide appa-
ratus intended for use with such waves.
[0093] Where different variations or alternative ar-
rangements are described above, it should be under-
stood that embodiments of the invention may incorporate
such variations and/or alternatives in any suitable com-
bination.

Claims

1. A method of designing a waveguide for conveying
acoustic waves along a wave propagation path
through the waveguide from a waveguide inlet to a
waveguide outlet, the waveguide providing a bound-
ary confining the acoustic waves as they travel along
the wave propagation path and being configured to
restrict the size of the waves in one dimension to a
distance less than a wavelength of a high frequency
acoustic wave, the method comprising the steps of:

(1) defining the shape of the boundary at the
waveguide inlet and at the waveguide outlet, and
defining the distance between and the relative
orientation of the waveguide inlet and the
waveguide outlet according to a predetermined
flare and waveguide input impedance;
(2) defining a conceptual waveguide shape to
join the waveguide inlet to the waveguide outlet
such that any variation in boundary shape and/or
in direction of the waveguide propagation path
are progressive along the waveguide propaga-
tion path;
(3) deriving from the conceptual shape of the
waveguide a theoretical design surface extend-
ing along the waveguide propagation path and
dividing the waveguide in a direction parallel to
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the said one dimension;
(4) defining a series of three or more spaced
points along a wave propagation path through
the waveguide;
(5) deriving homogeneous wavefront surfaces
and their shapes within the waveguide at each
of the series of points;
(6) deforming the shape of the design surface
between each successive pair of spaced points
normal to the design surface by a distance such
that the propagation distance between the de-
rived wavefront surfaces at the two spaced
points is substantially constant;
(7) adjusting the conceptual waveguide shape
in a direction parallel to the said one dimension
by offsetting the deformed design surface by the
said distance less than a wavelength at the
spaced points, and
(8) calculating the flare of the derived wavefront
surfaces at each of the spaced points and ad-
justing the local boundary dimension in a direc-
tion parallel to the said one dimension such that
the flare for successive derived wavefront sur-
faces is appropriate for a predetermined acous-
tic load, and either

(i) the flare of the derived wavefront surfac-
es is constant across the whole of the de-
rived wavefront surface, or
(ii) the flare varies smoothly and gradually
across the derived wavefront surface.

2. A method according to Claim 1 in which the shape
of the boundary at the waveguide inlet and at the
waveguide outlet is defined by reference to the de-
sired wave shape.

3. A method according to Claim 1 or 2 for a waveguide
having primary surfaces to restrict expansion of the
waves in the said one dimension and secondary sur-
faces to restrict expansion of the waves in a second
dimension, in which the method comprises deriving
the shapes of the homogeneous wavefront surfaces
at each of the series of points by assuming:

i. that each wavefront has a constant flare, and
ii. that each wavefront is perpendicular where it
contacts the primary and secondary surfaces as
the wavefront travels along the propagation
path.

4. A method according to Claim 1, 2 or 3 for a
waveguide having primary surfaces to restrict ex-
pansion of the waves in the said one dimension and
secondary surfaces to restrict expansion of the
waves in a second dimension, in which the method
comprises calculating the shapes of the homogene-
ous wavefront surfaces at each of the series of points

by at a frequency low enough for the wavelength to
be at least one and preferably two orders of magni-
tude greater than the distance between the primary
surfaces.

5. A method according to any preceding claim in which
the shapes of the homogeneous wavefront surfaces
at each of the series of points are derived by solving
Laplace’s equation and finding homogeneous sur-
faces of constant value for the solved parameter
through the series of points.

6. A method according to any preceding claim further
comprising the iteration of steps (7) and (8) so as
further to offset the deformed design surface.

7. A method according to any preceding claim compris-
ing iterating one or more of the steps so as to mini-
mise variations in the transfer function at the
waveguide outlet.

8. A waveguide for conveying acoustic waves along a
wave propagation path through the waveguide from
a waveguide inlet to a waveguide outlet, the
waveguide providing a boundary confining the
acoustic waves as they travel along the wave prop-
agation path and having two substantially parallel,
primary surfaces spaced apart a distance less than
a wavelength of a high frequency acoustic wave, the
waveguide being designed in accordance with any
preceding claim.

9. A waveguide according to Claim 8 in which the shape
of the boundary varies progressively along the path.

10. A waveguide according to Claim 8 or Claim 9 in which
the boundary is offset in a direction perpendicular to
the primary surfaces to form one or more localised
deformations in the propagation path.

11. A waveguide according to Claim 10 in which the ex-
tent of the offset varies in a direction parallel to the
primary surfaces.

12. A waveguide according to any one of Claims 8 to 10
in which the distance between the primary surfaces
is substantially constant.

13. A waveguide according to any one of Claims 8 to 11
in which the primary surfaces are substantially pla-
nar.

14. A waveguide according to any one of Claims 8 to 12
in which the shape of the boundary at the inlet and
outlet is different.

15. A waveguide according to any one of Claims 8 to 13
in which the cross-sectional area of the boundary at
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the initial and subsequent points is different.
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