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Featured Application: The concepts developed in this paper could be used in buildings to in-
crease acoustic comfort in rooms for speech. Such treatments could play a role in increasing
local acoustic support for talkers in rooms without relying on diffuse reverberation. Possible
contexts for indoor application include didactic rooms (e.g., classrooms) and multi-talker rooms
(e.g., offices, eating establishments)—with potential benefits including increased speaking com-
fort, reduced voice strain, reduced distraction from irrelevant speech, and reduced multi-talker
speech build-up.

Abstract: How much sound can a building surface reflect to a source, the location of which is not
exactly known? This paper considers this question particularly for a planar surface acting as an array
of retroreflectors, or of focusing retroreflectors. The question is investigated using finite-difference
time-domain acoustic simulation, using ideal retroreflective patches achieved by space-reversal, and
focusing achieved by delays. Extensive (7.2 × 7.2 m) and local (2.4 × 2.4 m) ideal planar reflector
arrays were investigated at distances of 1.5 to 4 m from sources that were within a 2.4 × 2.4 m
square plane. Patch sizes ranged from 0.3 m squares to the full reflector size. Physically realizable
non-ideal focusing retroreflectors based on parabolic trihedra were also investigated. With sufficiently
large patches, ideal focusing retroreflector arrays consistently outperform non-focusing retroreflector
arrays. A large focusing retroreflector array has the potential to provide retroreflected energy levels
(speech and A-weighted) from the first reflection to a source at 2 m distance comparable to the diffuse
field energy level of acoustically supportive reverberant rooms. A small focusing retroreflector
array returns less sound, but still much more than a single reflection from an equivalent specularly
reflecting surface. Results from parabolic trihedra demonstrate that retroreflected energy levels
similar to those from ideal surfaces can be achieved by architectural form. Challenges in translating
these concepts to practical design solutions are discussed.

Keywords: room acoustics; architectural acoustics; sound reflection; retroreflection; focusing
retroreflector; acoustic focusing; voice support; FDTD

1. Introduction

Sound reflection in rooms, when designed well, can make a substantial contribu-
tion to acoustic quality. For some types of room, sound reflected back to the source—a
talker or musician—can be beneficial. This is well-established in auditorium acoustics
for music, where the stage support parameters indicate aspects of the acoustic quality for
performers [1–4]. In rooms for speech, reflections back to the talker can often be beneficial,
leading to a more comfortable environment for talking and affecting the characteristics
of speech [5–8]. Straightforward approaches to increasing reflected sound returned to a
talker include using directed or local reflections and relying on reverberation. However,
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those approaches have limitations: directed/local reflections rely on a designer knowing
where the talker(s) will be; and reverberation has hazards of reduced intelligibility and
noise build-up in rooms. This paper explores the possibility of providing strong acoustic
reflections back to a talker, without knowledge of the talker’s position, and without relying
on reverberation. The concept introduced is arrays of focusing acoustic retroreflectors,
which are shown, in principle, to potentially provide reflected sound energy comparable to
that of the reverberation of a supportive room.

The voice regulation phenomenon of reduced vocal output caused by greater elec-
troacoustic support is sometimes known as ‘sidetone compensation’ [8,9], but has also
been called the ‘room effect’ to signify the role of support from room reflections [6,10].
It is closely related to the better-known Lombard effect [11], whereby people instinc-
tively raise their voices in the presence of background noise—both can be explained by a
talker instinctively maintaining the audibility of their own voice [9,12,13]. However, the
extent of these effects depends on the communication scenario/task [14–17] (e.g., read-
ing to oneself, holding a conversation, lecturing, etc.), and voice regulation is affected
by multimodal perception [18].

Benefits of acoustic support for talkers have been investigated in particular for teachers.
Sustained speech by teachers using high levels of projection is associated with voice strain
and discomfort [19]. Classrooms with somewhat greater acoustic support have been shown
to lead to reduced voice projection [6,20], especially for teachers who experience voice
strain [21], but limited to a workable reverberation time [22]. Hence, although generally
established intelligibility-oriented recommendations are for reverberation time in the vicin-
ity of 0.4 s or less [23], a field study by Puglisi et al. [22] found 0.7 s to provide optimum
acoustic support; and Pelegrín-García et al. [24] propose similar recommendations, noting
that some national classroom recommendations include relatively long reverberation times
appropriate for acoustic support of teachers.

Room types other than classrooms also could potentially benefit from strong acoustic
support for talkers. Multi-talker spaces could be candidates, considering that a reduction
in each person’s acoustic power would reduce babble noise build-up—this problem has
been studied particularly in large public rooms and eating establishments [25–32]. In work
environments such as open-plan offices, speech distraction from irrelevant intelligible
speech is a widespread problem [33–37]. In such contexts, reflecting a talker’s sound
back to them might not only have a voice regulation effect, but also ameliorate unwanted
transmission to others, potentially improving the masking of unwanted speech by ambient
sound. Another possible context is outdoor areas, which typically have very little acoustic
support unless near buildings. Some studies have investigated open air environments
using room acoustics concepts [38–41], and certain outdoor activities might benefit from
enhanced acoustic support whilst preserving their openness.

This paper leaves the development and assessment of such applications to future
studies. Before considering how a didactic or multi-talker room could be better served
by acoustically supporting talkers, the basic question of what can be achieved by acoustic
reflectors needs to be answered. Hence, the main concern of this paper is how much sound
could be reflected back to a talker from the first reflection.

1.1. Theoretical Perspectives on Reflected Sound Level
1.1.1. Reflected Sound Level from a Single Reflection

The sound returned to a source by a single reflection from an extensive flat hard
surface can be simply estimated from Equation (1), where rmin is the minimum distance
from source to the surface (normal incidence), and the result is expressed relative to the
emitted sound at 1 m. For example, a surface 2 m from the source yields −12 dB, which is
independent of frequency.

Lretro = −20 log(2rmin) (1)

For a finite surface, the reflected sound calculation can also account for diffraction
(Equation (2)). Diffraction coefficient D is frequency-dependent, and is approximately
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calculated via Equation (3) (limited to the simple case of a square reflector in free space with
edge lengths lx = ly and the source-receiver in line with its centroid), where λ is wavelength,
and FresnelC and FresnelS are cosine and sine Fresnel integrals, respectively [42]. For a
large surface with a collocated source-receiver in line with the surface’s centroid and within
a few meters from it, D ≈ 1 over the speech frequency range. However, diffraction losses
become substantial at low frequencies if small or distant surfaces subtending a small solid
angle are considered. Furthermore, diffraction has a ripple response that may boost the
reflected sound in parts of the spectrum.

p2
retro

p2
1m

=
D

4r2
min

(2)

D = 2

(
FresnelC

(
lx√

λrmin

)2
+ FresnelS

(
lx√

λrmin

)2
)

(3)

The maximum possible sound returned to a source from a single reflection can be
calculated by considering a source at the center of a large perfectly reflecting sphere. The
reflected pressure at the focus can be expressed via Equation (4) [43]. The squared pressure
increases with squared wave number (k), i.e., at 6 dB/octave. When considering the first
reflection only, the size of the sphere does not affect the pressure magnitude, assuming the
sphere is sufficiently large. Theta is the angle over which a spherical cap covers (0 ≤ ϑ ≤ π),
with π representing the complete sphere.

p2
focus
p2

1m
= p2

1mk2(1− cos ϑ)2 (4)

Analyses in this paper are evaluated using combined omnidirectional speech-weighting
and A-weighting (Section 2.1.3), for which the maximum sound at the focus from Equation (4)
is 32.7 dB (ϑ = π) relative to the emitted sound pressure level at 1 m (calculated over the
125 Hz–8 kHz octave bands). For a hemisphere (ϑ = π/2), the sound returned to the focus
is 26.6 dB.

Another ideal scenario could be that emitted sound is returned to the source, but
incoherently. This ideal can be evaluated by energetically summing the sound that the
surface is exposed to, leading to a simple frequency-independent relationship with the
surface’s solid angle, Ω (Equation (5)).

Lretro = 10 log(Ω/4) (5)

If all emitted sound is energetically summed, the result is 5 dB (for Ω = 4π steradians)
relative to the emitted sound at 1 m; or 2 dB for an extensive ceiling (Ω = 2π). Cabrera
et al. [44] observed that this simple concept was reasonably good as a predictor of measured
retroreflection from building façades comprised of arrays of concave trihedral corners. This
equation conservatively points to the potential of retroreflective surface treatments (such
as of ceilings), yielding values much greater than a specular surface (when surfaces are
extensive), but much less than a coherent focusing surface.

1.1.2. Reflected Sound Level from Room Reverberation

Classical room acoustics theory provides another important perspective on the po-
tential sound returned to a source, using the assumption of a diffuse field. This approach
neglects particular reflections, and instead integrates the whole reverberant sound energy
over time, assuming that it is spatially invariant. Relative to the emitted sound at 1 m from
an omnidirectional source, the reverberant sound level may be estimated from Equation (6),
where R is room constant, S is room surface area, and α is average absorption coefficient.

Lreverb = 10 log
(

4
R
÷ 1

4π

)
= 10 log

16π

R
= 10 log

16π(1− α)

Sα
(6)
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Values for Lreverb are predictable for rooms of defined volume (V), and would typically
be larger when volume is smaller. A simpler approximation, neglecting the room’s surface
area, can be made using absorption, A = Sα ≈ 24 ln(10)V/cT, where c is the speed of
sound and T is reverberation time (Equation (7)).

Lreverb = 10 log
16π

A
(7)

For example, a small room with a volume of 50 m3 and a reverberation time of 0.5 s
would have an approximate Lreverb value of 4.9 dB; a room with a volume of 1000 m3 and
a reverberation time of 1 s would have an approximate Lreverb value of −5.5 dB. More
generally, a small room can evidently strongly support a source through reverberation, and
the example here has a value of Lreverb that is about the same as the incoherent energy sum
from a single reflection returning all energy to the source (Equation (5)). However, a large
room dilutes the reverberant energy over its volume, so high values of Lreverb may not be
achievable without excessively long reverberation, and might not be achievable at all, even
with excessive reverberation.

These values can be related to voice support using the theoretical model proposed
by Pelegrín-García et al. [45]. Voice support (STV) is the reflected energy from a mouth
reflected to the ears of a head and torso simulator relative to the direct energy from
mouth to ears, and has been used as a physical parameter in influential studies of voice
regulation due to room acoustics. Theoretically predicted octave band voice support values
(125 Hz–4 kHz bands) are calculated following Equation (8). Here, Q* is the directivity
factor of speech in the direction of the floor, d is the transducer height, Sref is the reference
surface area (approximately 1 m2, being the ratio of the product of reference power and
characteristic acoustic impedance to the squared reference pressure), ∆LHRTF is the diffuse
field head-related transfer function of the ears, and K represents the direct sound level from
mouth to ear of a head and torso simulator (see Pelegrín-García et al. [45] for details).

STV,oct = 10 log

[(
cToct

ln(106)V
− 4

S
+

Q∗oct

4π(2d)2

)
Sref

]
+ ∆LHRTF,oct − Koct (8)

Using the octave-band speech-weighting proposed by Pelegrín-García et al. [45], a
small room with a volume of 50 m3 and a reverberation time of 0.5 s would have an overall
speech-weighted STV value of -6.5 dB; a room with a volume of 1000 m3 and a reverberation
time of 1 s would have an STV value of −15.6 dB (assuming a floor-to-ceiling height of
3 m and a square floor plate). More broadly there is an 11 dB difference between Lreverb
and speech-weighted STV based on evaluation of Equations (6) and (8), with deviations for
large rooms and high absorption coefficients (Figure 1). In real rooms, spectral variation in
reverberation time, as well as non-diffuse reflections, would be expected to cause further
deviations. Figure 1 includes experimental results from real rooms (most of which are
described in [46]), which have a 13 dB difference between Lreverb (from measured mid-
frequency reverberation time T20 and room volume) and measured speech-weighted STV.

The right axis of Figure 1 shows a model of voice regulation from STV, which provides
an indication of how increased acoustic support can lead to a more relaxed speaking
projection [47]. It is important to bear in mind that the extent of voice regulation depends
on the communication scenario; in this case the participants’ task was to give a lecture in
various real rooms and participants were especially sensitive to the rooms’ acoustic support
(in conjunction with likely multimodal influences). The question raised in this paper is
whether Lretro could play a substantial role in providing such acoustic support, partially
or largely substituting for Lreverb, and potentially leading to more comfortable conditions
for speaking.
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focusing retroreflectors.  

Acoustic retroreflection can be achieved through passive acoustic devices that pro-
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Figure 1. Relationship between Lreverb (Equation (6)) and STV (Equation (8)) of theoretical diffuse
rooms, with characteristic room dimension, V1/3, indicated by the colormap. Room volumes range
from 27 m3 to 7500 m3. A reflective floor in the area around the talker is assumed for theoretical
STV. Data from real room measurements (using mid-frequency reverberation time and room volume
to calculate reverberant level) are shown as magenta points. The right axis gives an example of
predicted voice regulation from voice support (from [47]).

1.2. Retroreflectors and Focusing Retroreflectors

Retroreflective array surfaces provide an obvious way of concentrating early re-
flected sound at the source without knowledge of the source’s position. Their effect
has been explored in prior studies, albeit in mostly outdoor spaces or in laboratory set-
tings [44,48–52]. However, while retroreflective arrays can achieve a substantial boost
in sound returned to the source, more may be needed; for this reason, we consider the
potential of focusing retroreflectors.

Acoustic retroreflection can be achieved through passive acoustic devices that provide
space-reversal across their face. The three examples in Figure 2 achieve this over reasonably
broad spectral and spatial ranges in different ways, each with distinct advantages and
disadvantages. The cat’s eye and van Atta reflectors have wider acceptance angles than the
cube corner reflector but involve more elaborate construction. For example, a cat’s eye lens
might be created from a gas balloon [53] (e.g., xenon, which has a refractive index close
to 2 with respect to air), from an intricate metamaterial (which can have a graded index
of refraction, i.e., a Luneburg lens [54]), or even with a flat lens and mirror [55]. The van
Atta reflector [56] is an intricate and bulky construction, and its high-frequency response is
inherently limited by its spatial physical discretization. The complexities of these devices
can lead to acoustic losses, as well as substantial costs. Hence, the cube corner reflector’s
simplicity has practical appeal in treating large architectural surfaces. Within its narrower
acceptance angle, the cube corner reflector’s efficiency varies markedly with incidence
angle: common designs are most efficient on-axis, but also have local efficiency peaks for
full dihedral and single-face specular reflection angles [57].
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Figure 2. Sketches of some passive acoustic devices that can have reasonably broad spectral and
spatial retroreflective performance. The cat’s eye reflector is a semicircular or hemispherical mirror
with a lens that focuses onto it; the second-order reflection of a dihedral corner reflector, and the
third-order reflection of a trihedral cube corner reflector, are retroreflected; the van Atta reflector [56]
uses equal-length pipes to spatially reverse the surface. The bottom row illustrates adjustments that
could lead to focusing combined with retroreflection: increasing the cat’s eye lens’ refractive index
gradient, curving the corner reflector, and varying the van Atta reflector’s pipe lengths.

Each of these devices can be made to focus: the cat’s eye reflector can have an increased
refractive index lens; the corner reflector can have co-focused parabolic faces (Appendix A);
and the van Atta reflector can have pipe lengths increasing towards the center of its
face. Alternatively, a converging acoustic lens over the face of any retroreflector can be
designed for a focal plane. For a sound source with a spherical wave front, 6 dB is lost from
geometric dispersion on the return path from a non-focusing retroreflector to the source,
and conceivably more than this 6 dB could be gained from focusing.

Focusing retroreflectors are rarely studied because most applications in optics and
radar are far-field, and the retroreflection literature in acoustics is underdeveloped. In
acoustics, Cabrera et al. [51] demonstrated an array of four cube corner reflectors (square
trihedra), each with two faces optimally warped to enhance retroreflected sound concentra-
tion within a few meters. Most of the improved sound concentration of the warped 0.5 m
edge-length trihedra was at high frequencies, but a 1 m edge-length version had enhanced
effectiveness over a broader frequency band. Inoue et al. [58] describe a focusing single-
wavelength infra-red electromagnetic retroreflector, exploiting resonance as part of the
retroreflective mechanism. Other studies have examined more general focus adjustments of
retroreflectors. Minato et al. [59] describe a diverging cube corner optical retroreflector for
spacecraft by very slightly curving the trihedral surfaces. Similarly, Otsubo et al. [60] show
how velocity aberration due to the motion of the Earth and Moon can be compensated
for by slightly splaying one face of a lunar ranging trihedral retroreflector. Fang et al. [61]
describe focus improvements of retroreflectors by lens design for wireless information and
power transmission to portable devices.

In room acoustics, a ceiling can have advantages for treatment, partly because sub-
stantial treatment can be installed without physically interfering with occupant activi-
ties. For focusing retroreflectors, the ceiling has an advantage in that people’s heads will
mostly be within a known range of heights—indicatively about 1.2 m seated to 1.5 m
standing—allowing the selection of a generally advantageous focal length for local over-
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head reflectors. Hence, the scenarios examined in this paper could apply well to ceiling
treatment, but in some circumstances they might also apply to walls or room dividers.

2. Materials and Methods

The key concept examined in this paper—an array of focusing acoustic retroreflectors—
is difficult to approach literally because physical design/fabrication challenges have not
been entirely solved. However, idealized retroreflector and focusing retroreflector arrays
can be simulated computationally, and this paper uses finite-difference time-domain (FDTD)
simulation to do this. It also uses FDTD to simulate reflections from focusing trihedra,
which are physically realizable non-ideal cases.

2.1. Ideal Retroreflection from a Ceiling
2.1.1. Discrete Surface Transformations for Ideal Reflections

An ideal acoustic reflector is conceived of as a flat hard surface divided into patches
that may undergo transformation between sound incidence and re-emission (reflection).
Each patch is divided into numerous elements that are small compared to the shortest wave-
length of interest. If no patch transformation occurs (referred to as a simple patch), then
the reflection is expected to be specular. Figure 3c illustrates the concept of space-reversal
patches, whereby the elements are spatially flipped between incidence and reflection. If
patches are sufficiently large, then this should result in ideal retroreflection. In such condi-
tions, each patch’s image is projected by the source reflection such that all illuminate the
source and the area around it.
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Figure 3. Concepts illustrated by ray analogy in modelling reflections from a flat surface made
up of patches, each of which is made up of numerous elements: (a) sound is emitted by a source
and received by elements; (b) if no processing is done, the re-emitted sound from the elements
behaves as a specular reflection; (c) space-reversal of elements in each patch introduces retroreflection,
superimposing the projected images of the patches, with the source at their centres; (d) elementwise
delays introduce focusing (in this example the source is at the focus of Patch 3); (e) the combination
of focusing and space-reversal is retroreflective, with a potentially high concentration of reflected
rays at and near the source. The ray illustration neglects wave phenomena such as diffraction
and interference.
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A further step is to introduce focusing for each of the patches. Focusing can be
achieved by introducing a delay that is greatest for central elements in each patch. Thus,
the elementwise latency of ∆τ = 2d/c is introduced, d being the depth of an idealized well
to create the appropriate delay. Preliminary experimentation showed that focal points on
the source plane aligned with each patch’s centroid are effective for retroreflection when
combined with space-reversal, including when the source-receiver is not at any patch’s
focus. While the focus may not be geometrically perfect at such off-focus positions, sound
concentration is still achieved by focus-like behavior. The required elementwise latency is
calculated from the distance of each element to the patch’s focus, rfocus, by reference to the
maximum such distance for the patch (Equation (9)).

∆τi =
2(rfocus,max − rfocus,i)

c
(9)

Note that a minimum latency of τmin = 2
√

2a/c (using the convention of 2a for reflector
patch width) is required for non-focusing space-reversal square patches for the space-reversal
mechanism to function at the speed of sound. Focusing space-reversal patches involve
additional elementwise latency, so overall latency is the sum τi = τmin + ∆τi.

Two square reflector sizes were evaluated: a ‘large’ reflector (7.2 × 7.2 m) and a ‘small’
reflector (2.4 × 2.4 m). The large case was intended to reasonably represent an extensive
reflector, with no source-receivers near the edges of the reflector area. Source-receivers were
in a 2.4 × 2.4 m square aligned with the reflector’s center, so the large reflector’s shadow
had a 2.4 m margin extending beyond the source-receiver area. The small case represented
a local reflector, and had source-receivers over the entire reflector area, up to the edges.
Various square patch sizes from 0.3 × 0.3 m up to the full reflector size were evaluated.

2.1.2. Finite-Difference Time-Domain (FDTD) Calculations

The FDTD calculations were carried out in two stages. Firstly, a pulse was emitted
from an omnidirectional source in free space, bounded by a perfectly matched layer. The
envisaged reflector square was transparent, and entirely populated by receivers. The wave
from the source arriving at the receivers was recorded. The wave 1 m from the source was
also recorded for reference. Simulations were run for 25 source positions per scenario, with
sources mostly within a 2.4 × 2.4 m square area in line with the reflector (one exception
was made so that a source could be at the focus of a 3.6 m patch for the large reflector).

In the second stage, the received waves were emitted by hard sources corresponding to
the receivers from the first stage, thereby imitating a reflector. Apart from the hard sources,
the space was free, and bounded by a perfectly matched layer. Receivers in the second stage
were on a plane the same distance from the reflector as the original source, and included
the original source. However, only 500 receivers were used in the second stage, and were
mostly distributed over a 2.4 × 2.4 m square area in line with the reflector (with the one
exception as noted above). All source positions in the first stage were included as receivers
in the second stage.

Between the first and second stages, the transformation of square patches (if applicable)
within the reflector was carried out as outlined in Section 2.1.1: i.e., space-reversal and/or
delay-based focusing.

To manage computational resources, two simulation resolutions were used. For the
small reflector, the emitted wave upper cutoff frequency was 11,233 Hz (the cutoff of the
8 kHz octave band), with a sampling rate of 112,330 Hz (10 × cutoff), and a rectilinear
inter-element spacing of 5.3 mm. For the large reflector, the emitted wave cutoff frequency
was halved, sampling rate was 56,165 Hz, and inter-element spacing was 10.6 mm, to cover
frequencies to the upper limit of the 4 kHz octave band. Hence, 206,116 elements were used
to represent the small reflector, and 463,761 to represent the large reflector. The speed of
sound in simulations was c = 344 ms−1. The time periods for the simulations were sufficient
for the receivers to completely capture the incident waves.
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FDTD simulation was implemented in C++, interfaced using MATLAB, following the
framework proposed by Sheaffer et al. [62]. The 10-element perfectly matched layer design
was based on Chern [63]. The simulation was significantly accelerated using GPU parallel
computing based on the CUDA toolkit [64].

2.1.3. Calculating Retroflected Energy Levels from Impulse Responses

Retroreflected energy levels (Equation (10)) were calculated from octave-band-filtered
impulse responses (125 Hz–4 kHz or 125 Hz–8 kHz).

Lretro,oct = 10 log

(∫
p2

t,retro,octdt∫
p2

t,1m,octdt

)
(10)

To provide a single-number result, the octave bands were then weighted using a
combination of the ISO 3382-3:2022 omnidirectional speech spectrum and A-weighting
(Table 1) [65]. The concept of this weighting is to provide results relevant to long term
speech power levels and simplified hearing sensitivity, without any assumptions about
the talker’s orientation relative to the reflector. The weighting, woct, over the six or seven
octave bands, was applied as per Equation (11). This is referred to as speech-A-weighting
in this paper.

Lretro,AS = 10 log

(
∑N

oct=1 10(Lretro,oct+woct)/10

∑N
oct=1 10woct/10

)
(11)

Table 1. Speech- and A-weighting values in decibels for the seven octave bands spanning
125 Hz–8 kHz. Values are in decibels.

Octave Band Speech Spectrum 1 A-Weighting Speech-A-Weighting 2

125 Hz 49.9 −16.1 −23.6
250 Hz 54.3 −8.6 −11.7
500 Hz 58.0 −3.2 −2.6
1 kHz 52.0 0.0 −5.4
2 kHz 44.8 1.2 −11.4
4 kHz 38.8 1.0 −17.6
8 kHz 33.5 −1.1 −25.0

1 Omnidirectional speech sound pressure level at 1 m, from ISO 3382-3:2022 [65]. 2 Combined speech-A-weighting
adjusted to energetically sum to 0 dB (woct in Equation (11)).

Similar calculations were done for receivers that were not collocated with the source.

2.2. Focusing Retroreflectors from Surface Geometric Form

Physically realizable focusing retroreflectors were modeled based on square trihedra,
the surfaces of which were parabolically warped. These are referred to as ‘parabolic trihe-
dra’. The specifics of the design (Figure 4) are explained in Appendix A. Four configurations
were modeled:

• A single ‘small’ parabolic trihedron with 1 m edge lengths;
• A single ‘large’ parabolic trihedron with 1.65 m edge lengths;
• An array of seven small parabolic trihedra;
• An array of seven large parabolic trihedra.

With a central source-to-vertex distance of 3.15 m, the small and large single trihedra
have the same solid angle as a 1.2 × 1.2 m and a 2.4 × 2.4 m patch at a 2 m distance (0.34
and 1.09 steradians), respectively. The arrays of seven small and large trihedra have solid
angles of 1.30 and 3.21 steradians, respectively. By way of comparison, the 2.4 × 2.4 m and
7.2 × 7.2 m square reflectors (Section 2.1.2) have solid angles of 1.09 and 3.52 steradians,
respectively, at a 2 m distance.
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Figure 4. The seven large parabolic trihedron array and its shadow on the source-receiver plane
(blue). The shadow of the small array is also shown (green). Single trihedron cases only use the one
in the respective array center. Sources are within the yellow area (2.4 × 2.4 m). The red dotted line
traces the central source-to-vertex distance, which was extended for clarity.

Reflected energy levels from each configuration were evaluated using FDTD, as de-
scribed in Section 2.1.2. Twenty-five source positions were in a 2.4 × 2.4 m square offset
from the reflector configuration, and receivers were in the same plane. However, the trans-
formation of square patches was not needed here, and a higher sampling rate (144,000 Hz)
was used to represent the curved geometry more accurately.

3. Results
3.1. Large Ideal Reflector Array

The following subsections are concerned with various aspects of the sound returned
from the 7.2 × 7.2 m ideal reflecting surface, calculated over the 125 Hz to 4 kHz octave
band range. To constrain the scope, most attention is given to a surface distance of 2 m, and
patch size of 1.2 m (comprehensive results are available at [66]).

3.1.1. Retroreflected Energy Levels

The distributions of speech-A-weighted retroreflected energy levels (Lretro) for the
25 source-receivers in a square offset from the large reflector are shown in Figure 5 (boxplots
for 2 m and 4 m surface distances) and Figure 6 (energy averages for space-reversed and
space-reversed focusing patches, 1.5–4 m surface distances). The ‘simple’ (neither spatially
reversed nor focusing) patch size had no effect, because the patches involve no change. The
range of reflected energy for a given surface distance was very small in the simple case for
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all tested surface distances. Results deviated by less than 0.1 dB from theory (Equation (3))
for each of the six surface distances.
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is a 7.2 × 7.2 m square, and 24 source-receivers are in a 2.4 × 2.4 m square centered on the reflector 
Figure 5. Distribution of retroreflected energy levels for 25 collocated source-receivers. The reflector
is a 7.2 × 7.2 m square, and 24 source-receivers are in a 2.4 × 2.4 m square centered on the reflector at
(a) 2 m or (b) 4 m distance. One source-receiver is at the focus of a 3.6 m patch on the same plane,
beyond the 2.4 × 2.4 m square. Values are speech-A-weighted.
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zones. The focusing patches created strong zones of sound concentration, which were 
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Figure 6. Spatially averaged retroreflected energy levels at collocated source-receivers for space-
reversal and focusing space-reversal surface configurations. Twenty-four source-receivers are located
within a 2.4 × 2.4 m square offset from the centroid of a 7.2 × 7.2 m reflector, and one is located at the
focus of a 3.6 m patch. Distances from source-receiver to reflector are indicated by the x-axis. Dashed
lines show theoretical expectations (Equations (2), (4) and (5)). Values are speech-A-weighted.

The results for focusing patches were strikingly different. For small patches (e.g., 0.3 m)
the patches were too small to have a substantial focusing effect. As the patch size increased,
the maximum (at the focus of a patch) increased, but the range of values increased even
more dramatically. Hence, the results describe a reflector that introduces a highly variable
retroreflected energy level over the source-receiver plane, which does not have an obvious
useful application in architectural contexts. The single 7.2 m patch spans the entire reflector,
with an extremely large range of values over the 2.4 × 2.4 m source-receiver square. The
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maximum value for the single patch was consistently less than theory (Equation (4)), but
within 0.7 dB. Note that the bulk of the 3.6 m focusing patch results are very low, partly
because the patch’s focus is beyond the 2.4 × 2.4 m source-receiver square.

Results for space-reversal patches show increased medians, and relatively small ranges,
which is consistent with retroreflection. Retroreflection was most efficient for 0.6 m to 1.2 m
patch sizes. The single 7.2 m patch was ineffective in boosting the retroreflected energy,
yielding results slightly lower than the simple reflector. The reason for the slightly reduced
Lretro is that spatial reversal introduces retroreflection at incidence angles larger than 0◦.

The focusing space-reversal patches had the most promising retroreflected energy
levels. The maximum for the 7.2 m patch was the same as that for the focusing patch
without space reversal, which is expected when the source is at the patch focus. However,
at a 2 m surface distance the extreme range of single 7.2 m focusing space-reversal values
makes it an unlikely design choice; whereas at a 4 m distance the range is less extreme. The
subdivided reflector patches provided strong retroreflected energy with a usefully small
ranges of values over the source-receiver plane. The optimum patch size (in the 1.2 to 2.4 m
range) was larger than for the non-focusing space-reversal cases. Focusing was ineffective
for small patch sizes.

The energetically averaged retroreflected energy levels over the 25 collocated source
receiver positions are shown in Figure 6 for space-reversal and focusing space-reversal
patches. The space-reversal patch reflectors in the range 0.8 m to 1.8 m have mean values
consistently greater than would be produced by a simple energy focus (Equation (5)) for a
source centered on the reflector. Space-reversal patch sizes in the 0.6 m to 1.2 m range yield
the greatest mean retroreflected energy levels.

For the focusing space-reversal cases, the single 7.2 m patch yields mean retroreflected
energy levels substantially greater than the smaller patches, with a mean in the vicinity
of 10 dB. Apart from the single 7.2 m patch, the focusing space-reversal patch reflectors
in the 1.2 m to 1.8 m range yield the greatest mean retroreflected energy levels for the
smaller surface distances, for which mean values are often above 5 dB. At the largest surface
distance, larger patches (1.8 m and above) are the most effective.

Figure 6 also shows the theoretical values for a simple flat surface (Equation (2)) and a
pressure focus (Equation (4)) for a source-receiver centered on the reflector (or an equivalent
solid angle spherical cap) at the given distance. All mean results are substantially less than
the theoretical coherent pressure focus.

3.1.2. Spatial Distribution of Reflected Energy

The four types of patches had markedly different effects on the spatial distribution of
reflected sound. Figure 7 shows results for the 1.2 m patches, which were good performers
for both focusing and non-focusing space-reversal configurations. The simple reflector
reflected sound quite evenly across the receiver plane, with no sound concentration zones.
The focusing patches created strong zones of sound concentration, which were mostly
not at the source location. The depicted 2.4 × 2.4 m receiver square aligned with four
1.2 m patches, the natural foci of which were in the center of each quadrant. The non-
focusing space-reversal patches usually concentrate sound in the vicinity of the source. The
sound field is patterned from the superimposed projections of multiple square reflectors,
and in many cases the source position is not at the sound field maximum. On the other
hand, in most cases the focusing space-reversal patches have a maximum at or close to the
source. The contrast across the receiver square is consistently more than 20 dB for focusing
space-reversal patches.
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Figure 8 for small (0.6 m) and large (2.4 m) patch sizes. Focusing had little effect on the 
reflected sound field when the patch size was small, but had a strong effect when the 
patch size was large. For the non-focusing 2.4 m space-reversal patches, the reflected 
sound field was not noticeably concentrated at the source, but the reflected energy level 
is considerably greater than the simple specular case. Of course, it should be borne in 
mind that the receiver square was the same size as the 2.4 m patches, so the nine projected 
patch images tend to fill much of the receiver square. By contrast, the focusing 2.4 m space-
reversal patches exhibited a strong concentration of reflected energy onto the source. 

Figure 7. Spatial distribution of reflected energy level over a 2.4 × 2.4 m square for 25 source
positions 2 m from the 7.2 × 7.2 m reflector, with 1.2 m patches. The top left quadrant shows the
simple reflector; the top right quadrant shows a focusing array; the bottom left quadrant shows the
1.2 m space-reversal array; and the bottom right quadrant shows the focusing space-reversal array.
Source locations are indicated by the green circles (the source for the bottom left subplot of each
quadrant is outside of the receiver square). Values are speech-A-weighted.

Further results for non-focusing and focusing space-reversal patches are shown in
Figure 8 for small (0.6 m) and large (2.4 m) patch sizes. Focusing had little effect on the
reflected sound field when the patch size was small, but had a strong effect when the patch
size was large. For the non-focusing 2.4 m space-reversal patches, the reflected sound field
was not noticeably concentrated at the source, but the reflected energy level is considerably
greater than the simple specular case. Of course, it should be borne in mind that the receiver
square was the same size as the 2.4 m patches, so the nine projected patch images tend
to fill much of the receiver square. By contrast, the focusing 2.4 m space-reversal patches
exhibited a strong concentration of reflected energy onto the source.
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simple reflection. Small space-reversal patches presented a 6 dB/octave spectral slope, 
consistent with expectation from diffraction loss. For 1.2 m patches the diffraction loss 
slope was only seen in the lower part of the spectrum, and it was not present at all for the 
2.4 m patches. Focusing space-reversal patches introduced another frequency-dependent 
phenomenon, and consequently positive spectral slopes can be seen for all patch sizes in 
Figure 9b. Focusing made a difference in the 2 kHz and 4 kHz octave bands for the 0.6 m 
patches; for the bands 500 Hz and above for the 1.2 m patches; and over the entire spec-
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Figure 8. Spatial distribution of reflected energy level over a 2.4× 2.4 m square for 25 source positions
2 m from the 7.2 × 7.2 m reflector, with space-reversal patches. Small (0.6 m) and large (2.4 m) patch
sizes are shown, for non-focusing and focusing space-reversal patches. Source locations are indicated
by the green circles (the source for the bottom left subplot of each quadrant is outside of the receiver
square). Values are speech-A-weighted.

3.1.3. Spectral Distribution of Retroreflected Energy

The octave band transfer function spectra at collocated source-receivers are influenced
by multiple factors, and Figure 9 shows the results for space-reversal and focusing space-
reversal patches (2 m surface distance). Mostly the lower limit of the transfer function,
seen at low frequencies, was −12 dB which is the same value as the expectation for a
simple reflection. Small space-reversal patches presented a 6 dB/octave spectral slope,
consistent with expectation from diffraction loss. For 1.2 m patches the diffraction loss
slope was only seen in the lower part of the spectrum, and it was not present at all for the
2.4 m patches. Focusing space-reversal patches introduced another frequency-dependent
phenomenon, and consequently positive spectral slopes can be seen for all patch sizes in
Figure 9b. Focusing made a difference in the 2 kHz and 4 kHz octave bands for the 0.6 m
patches; for the bands 500 Hz and above for the 1.2 m patches; and over the entire spectrum
for the 2.4 m patches.
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patch size is 1.2 m. The additional latency from space-reversal for 1.2 m patches is 𝜏୫୧୬ =4.9 ms. To match the other analyses of the large reflector, the impulse responses in Figure 
10 were octave-band filtered (6th order 125 Hz–4 kHz center frequencies) and speech-A-
weighted before being recombined, and this process spreads the impulse energy in time. 
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(a) space-reversal patches (b) focusing space-reversal patches.

Since the 500 Hz and 1 kHz bands have the greatest weight in speech-A-weighting,
high transfer function values for those bands are most associated with the high weighted
values reported throughout this paper.

3.1.4. Temporal Distribution of Retroreflected Waveforms

The use of distinct patches with focusing and/or space-reversal spreads the energy
of the retroreflected waveform over time, because each patch can contribute a distinct
reflection to the impulse response. Figure 10 shows two examples of a retroreflected sound
envelope and its cumulative sum for the four patch types. The surface distance is 2 m,
and patch size is 1.2 m. The additional latency from space-reversal for 1.2 m patches is
τmin = 4.9 ms. To match the other analyses of the large reflector, the impulse responses
in Figure 10 were octave-band filtered (6th order 125 Hz–4 kHz center frequencies) and
speech-A-weighted before being recombined, and this process spreads the impulse energy
in time.

The source-receiver position had little effect on the reflected sound from the simple
surface, but had a large effect for the focusing patch. In those cases, the reflected sound event
was relatively compact in time. Space-reversal and focusing space-reversal patches yielded
extended periods of reflected energy, with contributions from distant patches evident. The
source-receiver position did not change the overall temporal spread of reflected energy
for those patches. For non-focusing space-reversal surfaces, the cumulative energy sum
grew relatively slowly, indicating that numerous patches contribute to the total energy.
However, for focusing space-reversal patches, significant energy contributions came from
the closest patch and its neighbors, with distant patches making negligible contributions to
the total energy.
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Figure 10. Examples of the time distribution of retroreflected impulse response for the four patch
types for the large reflector: (a) source-receiver at a patch focus (b) source-receiver not at a patch
focus. The envelope of the speech-A-weighted impulse responses (absolute value of the Hilbert
transform) is shown in green, relative to the maximum peak. The cumulative sum of retroreflected
energy is shown in magenta, relative to the greatest maximum value (i.e., focusing space-reversal).

3.2. Small Ideal Reflector Array

The following subsections are concerned with various aspects of the sound returned
from the 2.4× 2.4 m reflecting surface, calculated over the 125 Hz to 8 kHz octave band range.

3.2.1. Retroreflected Energy Levels

The small ideal reflector yielded results similar in pattern to those of the large reflector,
but values were generally lower. Figure 11 shows results for the 2 m and 4 m distances
for collocated source-receivers. The simple case has a wide range of values because some
source-receivers are close to the reflector’s edge.

For the 2 m distance, the optimum patch size for space-reversal (0.6 m) was within the
optimum range previously observed for the large reflector. While the same could be said
for the focusing space-reversal patches, the small reflector size was too small to identify an
optimum (the largest patch returned the most sound). Only the focusing space-reversal
patches provided cases where the retroreflected energy level was mostly above 0 dB.

For the 4 m distance, retroreflected energy levels were reduced, with no configuration
yielding a majority of values above 0 dB. The largest patch size reflected the most sound to
the source for both focusing and non-focusing space-reversal patches. Furthermore, the
full-surface focusing space-reversal patch yielded a reasonably small range of retroreflected
energy levels in this case (unlike the 2 m distance small or large reflector). Although the
levels were not high, the median is about 15 dB greater than the simple reflector’s maximum
at 4 m.

All simulated results were lower than theoretical predictions. Simple patch results
from the center of the source-receiver square were on average 0.58 dB less than in theory
(Equation (2)), with a maximum deviation of 1 dB over the six reflector distances. For
source-receivers at the focus of the 2.4 m focusing patch, levels were on average 0.34 dB
less than in theory, with a maximum deviation of 0.4 dB.
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For many of the cases in Figure 12, the slope was about the same as the theoretical energy 
focus slope, suggesting that the retroreflected energy level was mostly related to the sur-
face’s solid angle. However, larger focusing space-reversal patches had a gentler slope, 
especially the single 2.4 m patch. Note that the Equation (2) theoretical flat-square reflector 
yields a stronger reflection than Equation (5) energy focusing beyond 2 m surface distance 
because of the surface’s relatively small solid angle. 

 
Figure 12. Spatially averaged retroreflected energy levels at collocated source-receivers for space-
reversal and focusing space-reversal surface configurations. Twenty-five source-receivers are 

Figure 11. Distribution of retroreflected energy levels for 25 collocated source-receivers. The reflector
is a 2.4 × 2.4 m square, and 25 source-receivers are in a 2.4 × 2.4 m square offset from the reflector at
(a) 2 m or (b) 4 m distance. Values are speech-A-weighted.

Mean retroreflected energy levels decreased quite consistently with surface distance.
For many of the cases in Figure 12, the slope was about the same as the theoretical energy
focus slope, suggesting that the retroreflected energy level was mostly related to the
surface’s solid angle. However, larger focusing space-reversal patches had a gentler slope,
especially the single 2.4 m patch. Note that the Equation (2) theoretical flat-square reflector
yields a stronger reflection than Equation (5) energy focusing beyond 2 m surface distance
because of the surface’s relatively small solid angle.

3.2.2. Spatial Distribution of Reflected Energy

The spatial distribution of reflected sound over the receiver plane had some common
characteristics with that of the larger reflector. Figure 13 shows results for the four 1.2 m
patches (2 m surface distance). The simple patch results show the projection of the square
reflector when the source is near the edge. The focusing patches yielded results similar to
the large reflector. Non-focusing space-reversal patches yielded simpler patterns of spatial
distribution than the large reflector, more obviously concentrating around the source in
most cases. The focusing space-reversal array surface yielded the greatest correspondence
between sound concentration and source position. Notably, sound concentration on the
source even applies to source positions at the edge of the reflector’s area for both focusing
and non-focusing space-reversal patches.

3.2.3. Spectral Distribution of Retroreflected Energy

The spectral distribution of retroreflected sound from the small reflector differed from
that of the large reflector (Figure 14). For space-reversal patches, there was a clear trade-off
between the number of patches and the patch size. Sixty-four 0.3 m patches showed a
strong high-frequency bias at about 6 dB/octave from the 500 Hz octave band; larger
patches saw an optimum frequency range extending to lower frequencies, but reducing
the number of patches reduced the retroreflected energy overall. The 2.4 m patch is a
special case because it covers the entire reflector. Focusing space-reversal patches yielded
a consistently strong high frequency bias either due to diffraction loss (small patches) or
focusing (large patches). Compared to the large reflector, the small reflector’s octave-band
transfer functions were most reduced in the lower part of the spectrum.
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Figure 12. Spatially averaged retroreflected energy levels at collocated source-receivers for space-
reversal and focusing space-reversal surface configurations. Twenty-five source-receivers are lo-
cated within a 2.4 × 2.4 m square offset from a 2.4 × 2.4 m reflector. Distances from source-
receiver to reflector are indicated by the x-axis. Dashed lines show theoretical expectations. Values
are speech-A-weighted.
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Figure 13. Spatial distribution of reflected energy level over a 2.4 × 2.4 m square for 25 source
positions 2 m from the 2.4 × 2.4 m reflector, comprising four 1.2 m patches. The top left quadrant
shows the simple reflector; the top right quadrant shows a focusing array; the bottom left quadrant
shows the 1.2 m space-reversal array; and the bottom right quadrant shows the focusing space-
reversal array. Source locations are indicated by the green circles. Values are speech-A-weighted.
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Figure 14. Octave-band distribution of retroreflected energy levels for 25 collocated source-receivers
(small reflector), showing individual values (thin lines) and energetically averaged values (thick
lines): (a) space-reversal patches (b) focusing space-reversal patches.

3.3. Parabolic-Trihedral Reflectors and Reflector Arrays
3.3.1. Retroreflected Energy Levels

The best overall performance came from the array of seven large parabolic trihedra
(Figure 15a), which had both average and median retroreflected energy levels in the vicinity
of 5 dB, and a relatively small 8 dB range. These results are similar to the ideal focusing
space-reversal patches with widths of 1.2 to 2.4 m for the 7.2 × 7.2 m reflector at 2 m
distance (Section 3.1). A single large parabolic trihedron yielded a much larger 20 dB range,
including both higher and lower values. It is counterintuitive that increasing the number
of trihedra from 1 to 7 would reduce the maximum retroreflected energy level (by 2 dB),
but this phenomenon occurs from interference; a similar result is seen for the ideal 2.4 m
square patch in Sections 3.1 and 3.2.

Predictably, the single small parabolic trihedron had the least useful results, with
retroreflected energy spanning a large range, including many low values. The effect
of arraying seven small parabolic trihedra increased the maximum, mean, median, and
minimum, and reduced the range. Results for the seven small parabolic trihedra are
somewhat similar in distribution to those of the 0.8 m or 1.2 m focusing space-reversal
patches for the 2.4 × 2.4 m ideal reflector at a 2 m distance (Section 3.2).

Energetically averaged and median speech-A-weighted results are all much higher
than Equation (5)’s theoretical prediction of ideal maximum incoherent summation. The
maxima of the single parabolic trihedra are close to Equation (4)’s theoretical ideal focusing
prediction, which indicates that the surfaces focus effectively. The single large parabolic
trihedron had a maximum 1 dB greater than the theoretical maximum, which might be
explained by a contribution from diffraction at the solid edges of the form.
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Figure 15. Retroreflected energy levels for 25 collocated source-receivers in a 2.4 × 2.4 m square 
offset from parabolic trihedral reflector configurations: (a) speech-A-weighted distributions, with 
red star-markers showing energetically averaged values; (b) octave band spectral distribution, 
showing individual values (thin lines) and energetically averaged values (thick lines). Values for 
Equation (4) (coherent pressure focus) and Equation (5) (energy focus) are calculated from the solid 
angle of the reflector for a source-receiver aligned with the reflector’s centroid. 

All configurations yielded positive spectral slopes up to the 4 kHz octave band (Fig-
ure 15b). The slope of the seven large parabolic trihedron array was 3.6 dB/octave in the 
bands up to 4 kHz, less steep than the other configurations. The single large parabolic 
trihedron yielded the greatest slope (4.7 dB/octave). The small parabolic trihedron config-
urations both had a slope of 4.1 dB/octave. 

3.3.2. Spatial Distribution of Reflected Energy 
Spatial maps of reflected energy over a 2.4 × 2.4 m receiver plane demonstrate re-

flected sound concentration at the source for all parabolic trihedral reflector configura-
tions (Figure 16). Note that the colormap range in the figure is expanded compared to 
other figures to accommodate the low values of the single small parabolic trihedron. Hex-
agonal tessellation is evident in the seven-array cases, which typically exhibit a 20 dB 
range over the displayed 2.4 × 2.4 m receiver plane. 

Figure 15. Retroreflected energy levels for 25 collocated source-receivers in a 2.4 × 2.4 m square
offset from parabolic trihedral reflector configurations: (a) speech-A-weighted distributions, with red
star-markers showing energetically averaged values; (b) octave band spectral distribution, showing
individual values (thin lines) and energetically averaged values (thick lines). Values for Equation (4)
(coherent pressure focus) and Equation (5) (energy focus) are calculated from the solid angle of the
reflector for a source-receiver aligned with the reflector’s centroid.

All configurations yielded positive spectral slopes up to the 4 kHz octave band
(Figure 15b). The slope of the seven large parabolic trihedron array was 3.6 dB/octave in
the bands up to 4 kHz, less steep than the other configurations. The single large parabolic
trihedron yielded the greatest slope (4.7 dB/octave). The small parabolic trihedron configu-
rations both had a slope of 4.1 dB/octave.

3.3.2. Spatial Distribution of Reflected Energy

Spatial maps of reflected energy over a 2.4 × 2.4 m receiver plane demonstrate re-
flected sound concentration at the source for all parabolic trihedral reflector configurations
(Figure 16). Note that the colormap range in the figure is expanded compared to other
figures to accommodate the low values of the single small parabolic trihedron. Hexagonal
tessellation is evident in the seven-array cases, which typically exhibit a 20 dB range over
the displayed 2.4 × 2.4 m receiver plane.
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retroreflector arrays involves balancing numerosity with size, considering diffraction loss 
constraints in relation to a target low frequency roll-off (diffraction loss being size and 
distance dependent). This is evident in the results of the present study, with optimum 
patch sizes at various non-focusing retroreflector array distances. Putting aside diffrac-
tion, a non-focusing retroreflector array returns superimposed images of the reflector 
patches that are four times the patch area (Figure 3), so large patches project over a large 
area rather than concentrating only on the source. However, focusing retroreflectors 
change the array design considerations, because a single patch can concentrate much of 
the reflected sound at the source. This means that a larger size is not necessarily disad-
vantageous, as is evident from the results. Multiple focusing retroreflectors yield a more 
consistent spatial response than a single focusing retroreflector, so there still is an opti-
mum range of sizes for a given source-reflector distance. Even away from the true focus 
of any patch, a source has a potentially high concentration of sound returned to it from 
multiple patches, notwithstanding diffraction loss. 

Also observed in prior studies has been a high frequency bias in reflections from non-
focusing acoustic retroreflector arrays, and the present results indicate that this bias is 
potentially stronger (or extended) when combined with focusing. Prior studies of real 
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positions 2 m from reflectors composed of parabolic trihedra (details in the text). Source locations are
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4. Discussion
4.1. Discussion of Results

As has been observed in prior studies [44,52], the design of non-focusing acoustic
retroreflector arrays involves balancing numerosity with size, considering diffraction loss
constraints in relation to a target low frequency roll-off (diffraction loss being size and
distance dependent). This is evident in the results of the present study, with optimum
patch sizes at various non-focusing retroreflector array distances. Putting aside diffraction,
a non-focusing retroreflector array returns superimposed images of the reflector patches
that are four times the patch area (Figure 3), so large patches project over a large area
rather than concentrating only on the source. However, focusing retroreflectors change the
array design considerations, because a single patch can concentrate much of the reflected
sound at the source. This means that a larger size is not necessarily disadvantageous,
as is evident from the results. Multiple focusing retroreflectors yield a more consistent
spatial response than a single focusing retroreflector, so there still is an optimum range of
sizes for a given source-reflector distance. Even away from the true focus of any patch, a
source has a potentially high concentration of sound returned to it from multiple patches,
notwithstanding diffraction loss.

Also observed in prior studies has been a high frequency bias in reflections from
non-focusing acoustic retroreflector arrays, and the present results indicate that this bias
is potentially stronger (or extended) when combined with focusing. Prior studies of real
acoustic retroreflector arrays in architectural contexts generally see most effects in high
octave bands; 2 kHz and above [44,49,50,52]. Fortunately, the spectrum slope from non-
focusing retroreflector diffraction loss applies most to small patches, whereas that from
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focusing applies most to large patches in the scenarios tested, so that spectral slopes do not
exceed 6 dB/octave.

Although not the main theme of the analyses in this paper, the temporal distribution
of reflected sound from non-focusing and focusing retroreflector arrays raises issues for
consideration. Assuming that retroreflectors are passive devices, their latency is limited by
the speed of sound, which introduces a minimum delay proportional to their size. This
is one of the counter-indicators against very large focusing retroreflectors, which could
become echo-like if a single strong reflection arrives with excessive delay. Retroreflective
arrays introduce clusters of arrivals in the impulse response, which might paradoxically be
characterized as a focused diffuse reflection. While focusing retroreflector arrays have less
contribution from non-adjacent reflectors than their non-focusing counterparts, they do
retain this cluster impulse response characteristic (Figure 10). This desirable characteristic
of reflections is linked to the reason why focusing retroreflector arrays return less sound
than the theoretical maximum coherent pressure focus (Equation (4)), which can only be
achieved if all reflected sound arrives at once.

The simulation results are similar to theoretical predictions. For simple specular and
single-patch focusing cases, ideal simulation results are consistently less than the corre-
sponding theoretical expressions in the Introduction, but all within 1 dB. While the theory
is limited by simplification, and ideal case simulation has limitations from discretization
and error propagation, results concur sufficiently for the context of architectural acoustics.
Furthermore, the parabolic trihedral reflector results are credibly close to those of compara-
ble ideal reflector simulations. This study did not include physically fabricated samples,
but some previous studies of trihedral retroreflectors have found close correspondence
between measurements and FDTD simulations [50]. Experimental verification of near-ideal
focusing retroreflector performance could potentially be done using a fabricated reflective
surface cut from a sphere, with the source and receiver mutually mirrored around the
normal axis of symmetry. This allows space-reversal to be introduced by analysis, even
though it does not occur physically, while focusing occurs physically. Another potential
quasi-physical method for experimental verification of ideal performance is via an electroa-
coustic focusing space-reversal mirror (like a time-reversal mirror (e.g., de Rosny et al. [67]),
but with different signal processing). However, the performance of real passive retrore-
flector arrays is a more complex matter, and ideal performance provides a benchmark for
real array performance.

Being a conceptual study, there are limitations in translating this study’s findings to
physical architectural acoustics. The simulations assumed no surface absorption, lossless
transmission through air, no scattering from the source or other objects (no other reflective
surfaces), an omnidirectional source, time invariance, and so on. The relationship between
retroreflected energy level and voice support may differ from that inferred by Figure 1
because of the spatial and spectral distributions of reflections, as well as the limitations of
the voice support theoretical model.

4.2. Questions and Challenges

This paper shows that, in principle, it is possible to strongly concentrate reflected
sound at arbitrary unknown source positions within an assumed area using focusing
retroreflectors. Focusing on its own is an acoustic design hazard (domes have been called
an “acoustician’s nightmare” [68])—but when combined with space-reversal, focusing
could support talkers without relying on reverberation, concentrating reflected sound in
the area where it is wanted rather than other areas. However, more scientific research
and practical experience with built designs are needed for us to determine whether or not
focusing retroreflectors can go from an acoustician’s dream to realistic architectural designs.
Four important questions are outlined and briefly discussed in the following paragraphs.

Question 1: How can focusing retroreflector arrays be best designed for high acoustic
quality in terms of their spectral, spatial and temporal characteristics, especially considering
the oral–binaural impulse response? This question includes considerations such as how the
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body of a talking listener creates, scatters, and receives the sound field. The mouth and ears
are not collocated, and speaking and listening both have directional characteristics. Strong
reflections can have positive or negative effects for a talker; delayed auditory feedback
can make it very difficult to talk resulting in raised speaking level [69,70], whereas early
reflections that are integrated in the auditory system are supportive [71]. The high frequency
spectral bias in focusing retroreflection may introduce sound quality issues, although Rapp
et al. [72] and the authors’ experience with built retroreflective environments [51] provide
some indication that this might not be a problem for speech. These multiple issues feed into
the question of how focusing retroreflectors should be practically designed for envisaged
environments. There are many possible variations in focus design, such as broadband
or frequency-selective focusing/defocusing, which may prove to be fruitful in refining
spectral and spatial distributions of the reflected sound field. For example, the simulations
in this study used ideal retroreflectors focused onto the source-receiver plane, but focusing
farther might better balance the contributions of multiple patches.

Question 2: Behaviorally, how do people respond to an acoustic environment strongly
supported by focusing retroreflectors? Studies at the time of writing provide only indirect
evidence that acoustic support in such an environment will lead to useful voice regula-
tion effects. This is because no space with a large human/speech-scale focusing acoustic
retroreflector array has been built anywhere, let alone used for human voice regulation
experiments. Indirect indicators of likely voice regulation benefits come from multiple stud-
ies using sidetone gain or various room acoustic conditions (not including retroreflection).
While these indirect indications are encouraging—given the high voice support values
that this study’s results suggest—the particular spectral, spatial, temporal and broader
contextual factors of focusing retroreflector treatments may affect behavioral response.

Question 3: How should focusing retroreflector arrays be combined with established
design techniques such as the use of sound absorption, scattering, and reverberation-
based room acoustic design? This question is both practical and theoretical. Design
parameter targets and calculation methods may need to be developed and refined for
theoretical support of room design incorporating focusing retroreflectors. The hypothesis
is that shorter reverberation times combined with greater retroreflected energy can provide
improved acoustic conditions for certain types of room, but the theoretical tools to support
such design have not been developed.

Question 4: Can space-efficient, acoustically efficient, cost-effective, and visually in-
nocuous focusing retroreflectors be designed for common situations in buildings? Of
course it is possible to design architecturally extravagant focusing retroreflector arrays,
and perhaps these could have applications in showcase projects. However, in most build-
ings focusing retroreflector array treatment may be best served by spatially compact,
visually unobtrusive, and inexpensive solutions. Hence, practical solutions that meet
these criteria and are acoustically efficient need to be developed if this concept is to have
widespread deployment.

4.3. Applications

The retroreflected energy levels achieved by the most successful focusing retroreflector
array configurations are similar to the reverberant energy levels expected in small reflective
rooms. The large ideal reflector yielded several scenarios where mean retroreflected energy
level was 5 dB or greater, which in broad terms is comparable to STV of −8 dB or greater
(Figure 1). Similar results were achieved from the array of seven large parabolic trihedra,
demonstrating that these high values are achievable through surface form. If such results
are achievable in practical designs, applications could include:

• Didactic rooms (e.g., classrooms) in which the talker’s voice could be acoustically
supported by focusing retroreflectors, allowing for comfortable speech without rever-
berant degradation of intelligibility;

• Multi-talker rooms (e.g., offices including activity-based workplaces, eating estab-
lishments) where it would be advantageous to return each talker’s sound to them to
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ameliorate speaking power levels and to reduce unwanted transmission across the
space; and

• Outdoor environments, where a wall, canopy or even sculpture-like objects could be
shaped to substantially increase acoustic support.

There are probably other potential applications for strong acoustic retroreflectors in
architectural environments. Incidental acoustic retroreflectors have been used for robot
navigation [73], and designed ones could conceivably contribute to human echolocation.
There also may be noise control applications.

5. Conclusions

By generalizing the concept of an acoustic retroreflector as a space-reversal surface,
this study was able to investigate ideal acoustic retroreflector array performance for various
patch sizes (0.3 m and greater) and distances (1.5 to 4 m). The introduction of delay-based
focusing also allowed the systematic investigation of arrays of focusing retroreflectors.
Focusing retroreflector arrays were shown to outperform non-focusing counterparts. Phys-
ically realizable configurations of parabolic trihedra confirm that results similar to ideal
reflector results are possible through the design of passive surfaces.

The study is mostly concerned with speech-A-weighted response because the en-
visaged applications in buildings are for speech support. For this spectral weighting,
findings include:

• The recommended width of individual non-focusing retroreflectors in an array is in
the range of 0.6 to 1.2 m (areas 0.36 to 1.44 m2) for source distances 1.5 to 4 m. An
extensive array can achieve mean retroreflected energy levels of −1 dB or more (up to
5 dB), however, a smaller array (a 2.4 m square, with some source-receivers near its
edges) is much less effective, especially for larger distances.

• The recommended width of individual focusing retroreflectors in an array is in the
range of 1.2 to 2.4 m (areas 1.44 to 5.76 m2) for source distances 1.5 to 4 m. An
extensive array can achieve mean retroreflected energy levels of 3.5 dB or more (up
to 7.5 dB). Again, a smaller array returns significantly reduced sound, especially for
larger distances.

• While a single large focusing retroreflector can return the most energy to the source
for a given solid angle, an array of multiple focusing retroreflectors provides a more
even response for a variety of source positions. In an array, focusing retroreflectors
adjacent to the nearest one contribute to the retroreflected energy.

• In principle, an extensive focusing retroreflector array can achieve mean speech-A-
weighted retroreflected energy levels 15–20 dB greater than an equivalent specularly
reflecting surface; and a local (2.4 × 2.4 m) reflector can achieve retroreflected energy
levels more than 10 dB greater than a corresponding specular surface.

These findings are promising indicators of potential solutions to supporting people’s
speech through architectural surface treatments. However, further research is needed to
develop and evaluate practical methods to deploy the concepts introduced by this paper.
Envisaged future research by the authors includes the development, characterization,
and physical testing of optimal focusing retroreflector array designs for applications such
as ceiling treatments. Subsequent human experiments will involve voice-regulation and
acoustic qualitative testing of treated environments. Experimental results from this research
project will provide the basis for recommendations on improving room acoustics for speech
by incorporating high levels of voice support without excessive reverberation.
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Appendix A. Parabolic Dihedra and Trihedra

The concept behind the parabolic trihedra used as physically realizable focusing
retroreflectors can be understood as an extension of the two-dimensional case of parabolic
dihedra. A conventional dihedron forms a corner reflector, which is a non-focusing retrore-
flector in two-dimensional space. A dihedral focusing retroreflector can be formed by
extracting segments from two co-focused parabolas, y = ax2 and its vertically mirrored
counterpart y = −ax2 + 1/(2a) (Figure A1). Diverging rays emitted by a source located
at the focal point (red, source-to-vertex distance = 1/(2a)) are made parallel by the first
reflection, and then made to converge by the second, achieving perfect focusing retroreflec-
tion. Similarly, soft-focusing retroreflection is achieved for sources elsewhere on or near the
Y axis (e.g., blue source and rays).
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For simplicity, y = ax2 in XOY can be represented in X’O’Y’ using coordinate transfor-
mation rules following Equation (A1).
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The extracted segment can then be written as Equation (A2),
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where l is the edge length of the base dihedron (prior to curvature).
In three dimensions, an exact focusing solution for a trihedron is not known, but an

effective solution is achieved by warping the trihedron similarly to the parabolic dihedron.
Figure A2 illustrates how each trihedron face can follow a pair of intersecting parabolas.
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Shown as thick curves in Figure A2, the two segments of intersecting parabolas X’Z’
and Y’Z’ can be, respectively written as Equations (A3) and (A4):

z =

{
−
√

2
√
−
√

2ax + 1− ax +
√

2
a

, 0 ≤ x ≤ l (A3)

z =

−
√

2
√
−
√

2ay + 1− ay +
√

2

a
, 0 ≤ y ≤ l (A4)

where l is the edge length of the base trihedron. Then, one segment is swept over the other,
i.e., moved along the other to form a double-parabolic surface (shown as the pink surface),
the equation of which can be written as Equation (A5):
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Similarly, two other double-parabolic surfaces (the blue and green surfaces) can be formed
using parabolas, and these three surfaces together construct a focusing trihedral retroreflector.

Unlike a parabolic dihedron which reflects sound twice and achieves perfect focusing
retroreflection for sources at its focal point, a parabolic trihedron reflects sound three times
and thus focuses short for sources located at its parabolic focal point. The performance
of a focusing trihedron with different source-to-vertex distances was investigated using
ray-based simulation, and it was found that the best result, i.e., the highest degree of
ray convergence back to the source, is achieved when 1/(2a) = 1.15 × the distance. The
parameters of the parabolic trihedra in Section 2.2 were determined using this equation to
maximize their performance

Appendix B. Sensitivity to Elementwise Surface Deviation

Real building materials may not be precisely shaped or perfectly smooth, raising the
question of how sensitive the reflector configurations are to surface irregularities. In this
appendix we consider the effect of local random deviations for the ideal 2.4 × 2.4 m reflector.
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Random elementwise delays were introduced to the 2.4 × 2.4 m reflector, for the
1.2 m patch size at a distance of 2 m. The delay is indicated by the additional depth of an
idealized well, drand per element i (Equation (A6)). The additional elementwise depths were
determined from a uniform random distribution, spanning the range 0 to δ m. Hence, the
mean additional depth is 0.5δ, and the standard deviation 0.29δ, with a ‘white’ distribution
of deviation over the two-dimensional spatial-frequency spectrum (offset by 0.5δ).

∆τrand,i =
2drand,i

c
, 0 ≤ drand,i ≤ δ (A6)

Results (Figure A3) indicate that uniformly distributed random delays equivalent to
surface roughness with a range of δ ≤ 10 mm have little effect on the speech-A-weighted
retroreflected energy level, but a larger range of random values degrades the retroreflected
energy level. The degradation is greatest for focusing space-reversal patches.
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