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The maximum phase shift of the reflection coefficient achieved by a single well in a phase grating diffuser 
occurs at its quarter wavelength resonance, i.e., =L c f/40  where f is the frequency, L is the depth of the well and 
c0 is the speed of sound in air. Therefore, a limitation of Schroeder diffusers is that the depth becomes large for low 
design frequencies. This results in thick and heavy panels, limiting the use of phase grating diffusers for 
low-frequencies where the wavelength of sound in air is of the order of several meters. In the context of smart 
building design and sustainable building, leading-edge technologies can be applied to optimize space and design 
lightweight materials, improving the performance of the acoustic solutions using less resources.

Various approaches have been carried in the past to reduce the total thickness of the panels. As the wells 
of Schroeder diffusers present different lengths, well folding strategies have been proposed6–8 to minimize the 
unused space. At high frequencies the sound does not bend through the folded wells and so care in design is 
needed. Using well-folding the total thickness of a diffuser can only be reduced to about half the depth of a 
standard Schroeder diffuser. Other approaches include the use of single Helmholtz resonators instead of quarter 
wavelength resonators to construct the phase grating diffuser. This strategy was first reported by placing perfo-
rated sheets at the front of a Schroeder diffuser9. The added-mass effect reduces the resonance frequency of the 
well and consequently the thickness can be reduced. In this system losses are inevitably introduced and therefore, 
some of these devices were proposed as sound absorbers10. Using “T” shaped wells, 2 dimensional resonators can 
be designed and the full structure can be optimized to extend its low frequency response1. Flat panels have been 
also proposed using hybrid surfaces that combine patches of absorption and reflection11, but their performance 
is limited because of weak edge diffraction. Other approaches include the use of active surfaces12, but their use 
is limited due to cost. Recently, sonic crystals (SC) were used to construct acoustic diffusers13. A SC is a periodic 
arrangement of acoustic scatters, typically rigid bars embedded in air. The periodicity leads to a modification of 
the dispersion relations and propagation through these structures becomes strongly dispersive and anisotropic. 
The diffusion was achieved at low frequencies of a bi-periodic SC mainly caused by the internal Fabri-Pérot res-
onances of the structure. The main drawback of this promising approach is the lack of simple and/or analytical 
methods to design these complex structures. Therefore, optimization of these structures have been proposed14, 
but the lack of fast analytical models make the design tedious and, until now, the inherent thermo-viscous losses 
have not been accounted for in these designs.

Local resonances have also been exploited to introduce strong dispersion in acoustic metamaterials15. In these 
structures the phase speed can be strongly modified and materials with exotic properties as either negative effec-
tive bulk modulus or negative mass density16, 17 can be designed. Metamaterials have been widely used to design 
acoustic absorbers as metaporous materials18–21, dead-end porosity materials22, 23 or absorbing resonant met-
amaterials composed by membrane-type resonators17, 24–26, quarter-wavelength resonators (QWRs)23, 27–29 and 
Helmholtz resonators (HRs)26, 30–32. These last types of metamaterials23, 27, 28, 31, 32 make use of strong dispersion 
giving rise to slow-sound propagation inside the material. Using slow sound results in a decrease of the cavity 
resonance frequency and, hence, the structure thickness can be drastically reduced to the deep-subwavelength 
regime31. Moreover, these structures can fulfil the critical coupling conditions26, having their impedance matched 
with the exterior medium and resulting in perfect absorption (PA), as recently demonstrated for panels using slow 
sound and QWRs28 or HRs31.

In this paper, we present deep-subwavelength diffusers based on acoustic metamaterials to reduce the thick-
ness of Schroeder diffusers. The system works as follows: first, we consider a rigid panel of finite length with a set 
of N slits. Second, we modify the dispersion relations inside each slit by loading one of their walls with a set of 
HRs, as shown in Fig. 1(b). The sound propagation in each slit becomes strongly dispersive and the sound speed 
inside it, cp, can be drastically reduced. Each slit behaves effectively as a deep-subwavelength resonator and, there-
fore, the effective depth of the slits can be strongly reduced as =L c f/4p  holds. By tuning the geometry of the HRs 
and the thickness of the slits, the dispersion relations inside each slit can be modified. As a result the phase of the 
reflection coefficient can be tailored, e.g., to those of an Schroeder phase grating diffuser. Furthermore, by tuning 
the thermo-viscous losses, which are inherent in the HRs and in the narrow slits, the leakage of the structure can 

Figure 1.  (a) Scheme of a QRD Schroeder diffuser composed by N = 7 wells or quarter wavelength resonators. 
(b) Metadiffuser composed of N = 7 sub-wavelength slits, each of them loaded by M = 3 Helmholtz resonators, 
with slightly different geometry. (c) Detail of a slit of the metadiffuser showing the geometrical parameters of 
the cavity of a HR (wc and lc) and its neck (wn and ln).
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