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The technique of sound insulation has a wide range of potential applications in environment noise control and architectural acoustics. The rapid development of acoustic artificial materials has provided alternative solutions to design sound insulation structures. However, the realization of single-layer planar structures with bidirectional acoustic insulation (BAI) and unidirectional acoustic insulation (UAI) still poses a challenge. Here, we report the theoretical and experimental realization of two types of single-layer phased array lenses which presents the characteristics of broadband BAI and multi-channel UAI. Both types of lenses consist of 12 mode-conversion phased units which are composed of two types of unit cells (I and II) with an opposite phase and a step waveguide. Based on the phase regulation, the designed phased unit can realize the mode conversion between the zero-order and first-order waves and asymmetric sound manipulation, which enables multi-functional sound insulations. Based on the desired theoretical phase profiles, two types of lenses with BAI and UAI are realized for the incidence of the zero-order wave, and their fractional bandwidths can reach about 0.28 and 0.37, respectively. More interestingly, the UAI effect can be reversed for the incidence of the first-order wave. The proposed lenses based on the mode-conversion phased units have the advantages of single-layer planar structure, multi-functional sound insulation, and broad bandwidth, which have wide application prospect.
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INTRODUCTION
The technique of sound insulation has attracted more and more attentions from both physics and engineering communities due to its wide potential applications in environment noise control and architectural acoustics. In the past decades, with the rapid development of sonic crystals (Liu et al., 2000; Torrent and Sanchez-Dehesa, 2018; Xia et al., 2018a; Yang et al., 2019) and acoustic metamaterials (Liang ad Li, 2012; Gusev and Wright, 2014; Quan et al., 2014; Cheng et al., 2015; Liu et al., 2018; Zhang et al., 2019; Cheng et al., 2019), several linear structures with the characteristic of unidirectional acoustic insulation (UAI) are realized based on different mechanisms, including sound gratings with diffraction mechanism (Li et al., 2011; He et al., 2011; Li et al., 2014; Sun et al., 2015; Zhang et al., 2016), sonic crystals with band gap property (Li et al., 2011; Huang et al., 2016; Oh et al., 2012; Yuan et al., 2012), and near-zero-index metamaterials with abnormal refraction (Li et al., 2013; Shen et al., 2016; Song et al., 2017), and so on. In addition to these structures, acoustic metasurfaces (Li et al., 2013; Xie et al., 2014; Tang et al., 2014; Mei and Wu, 2014; Tian et al., 2017; Assouar et al., 2018; Tian et al., 2019; Quan and Alù, 2019; Holloway et al., 2019; Allen et al., 2020) also provide rich possibilities to design advanced structures of sound insulation owing to its characteristics of planar structure and subwavelength thickness. By attaching a pair of metasurface structures on the inner boundary of the waveguide structures, several types of tunnels (Zhu et al., 2016) and windows (Ge et al., 2018; Ge et al., 2019) with the properties of UAI and bidirectional acoustic insulation (BAI) are realized continuously, which have practical applications in architectural acoustics and duct noise control. Furthermore, in the case of free space, dual-layer metasurfaces (Xia et al., 2018b) with asymmetric phase modulation, lossy metasurfaces (Li et al., 2017) and coding metasurfaces (Xie et al., 2017) are designed to realize UAI (Jiang et al., 2016; Wang et al., 2019). However, the realization of a single-layer phased array structure with BAI and UAI still remains a great challenge.
To overcome it, we experimentally demonstrate two types of single-layer phased array lenses composed of 12 mode-conversion phased units with the characteristics of broadband BAI and multi-channel UAI, in which each phased unit is composed of two types of unit cells (I and II) with an opposite phase and a step waveguide. Based on the phase regulation, the designed phased unit can realize the mode conversion between the zero-order and first-order waves and acoustic asymmetric modulation (AAM), enabling the realization of multi-functional sound insulations. By arranging the phased units based on the theoretical phase profiles, two types of lenses with BAI and UAI are obtained separately for the incidence of the zero-order wave, and their fractional bandwidths can reach about 0.28 and 0.37, respectively. More interestingly, for the incidence of the first-order wave, the UAI effect can be reversed. The measured and simulated results match with each other well.
DESIGN AND PERFORMANCE OF MODE-CONVERSION PHASED UNIT
Design of Mode-conversion Phased Unit
To construct a phased unit with the mode-conversion characteristic, we propose a type of unit cell composed of different numbers (N) of V-shaped structures (Lan et al., 2017), which is schematically shown in Figure 1A. The structure parameters are selected as l = 30 mm, h = 5.5 mm, t = 0.5 mm, and d = 0.25 mm, and its opening angle is determined by the values of N, and Throughout this work, we adopt the COMSOL Multiphysics software to numerically simulate the sound insulation. The unit cells are fabricated with epoxy resin to satisfy the sound hard-boundary condition. In the numerical models, the material parameters are used as follows, the density ρ = 1,180 kg/m3 and the sound velocity c = 2,720 m/s for epoxy resin; ρ = 1.21 kg/m3 and c = 343 m/s for air.
[image: Figure 1]FIGURE 1 | (A) Schematic of the unit cells composed different number (N) of V-shaped structures. The total length l of each unit cell is the same, and the opening angle of the V-shaped structure is determined by the values N. (B) Transmission spectrum and phase delays of the unit cell as the function of N at 7.1 kHz, which are displayed as red dashed line and blue solid line, respectively. Two insets are the pressure distributions created by the unit cells I and II. (C) Schematic of mode conversion of sound created by a phased unit composed of 6 unit cells (I and II). Red and blue solid arrows are the incident and transmitted acousitc waves, respectively. (D) Schematic of a mode-conversion phased unit.
Figure 1B shows the transmission spectrum and phase delay φ of the unit cells with different values of N at 7.1 kHz. We can see that, with the increase of N, the phase delay increases gradually, and their transmission coefficients exceed 0.7. Based on the conversion theory between the zero-order and first-order waves in a waveguide (see the Supplementary Material), we select two unit cells I and II (open blue circles) with a phase difference of π to design a mode-conversion phased unit, in which the selected values of N for the unit cells I and II are 1 and 11, and their transmission coefficients are about 0.99 and 0.85, respectively. Two insets in Figure 1B are the pressure distributions created by the unit cells I and II, separately, further demonstrating that the phase difference of both unit cells is π.
Here, it is worthy to mention that the zero-order wave can transmit through a straight waveguide without the restrictions of width. However, for the first-order wave, it can only pass through the waveguide with a width larger than a half wavelength due to a cut-off frequency of higher-order waves. Based on the desired phase profile for the mode conversion between the two types of waves (see the Supplementary Material), we can design a mode-conversion phased unit composed of 6 unit cells I and II, and its total width is 33 mm, satisfying the propagation of the first-order wave at 7.1 kHz. As shown in Figure 1C, the zero-order wave can transmit through the phased unit and convert to the first-order wave. Similarly, the first-order wave can also convert to the zero-order wave, indicating that the proposed phased unit can realize the mode conversion between the two types of waves. Here, it is noted that the first-order wave in Figure 1C is represented by two plane sound beams with the angles of ±45° with respect to the x axis. This is because the first-order wave in the waveguide with the width of 33 mm is formed as the zigzag propagation of the plane wave with the angle of 45° (see the Supplementary Material). Beyond that, to obtain the property of sound insulation, we introduce a step waveguide placed on the right side of the phased unit (Figure 1D), in which its width hR = 21 mm is smaller than a half wavelength of sound at 7.1 kHz. Thus, the first-order wave is prohibited to pass through the step waveguide owing to the cutoff frequency. The parameters of the phased unit are selected as l1 = 50 mm, l2 = 12 mm, h1 = 6 mm, hL = 33 mm, and t = 0.5 mm.
AAM Based on Mode Conversion
The proposed phased unit has a typical characteristic of AAM based on the mode conversion. To clearly show this, we present the propagation paths in the phased unit for the incidence of the zero-order wave. The abbreviations LI and RI refer to the sound incidence from the left and right sides of the phased unit, respectively. As shown in Figures 2A,B, the zero-order wave can transmit through the phased unit and is converted to the first-order wave for RI. However, owing to its cutoff frequency of the first-order wave, it cannot pass through the step waveguide for LI. Figures 2C,D show the pressure distributions created by the phased unit under the incidence of the zero-order wave for LI and RI, respectively. The simulated pressure distributions agree well with the propagation paths shown in Figures 2A,B, showing high performance of AAM based on the mode conversion. We also simulate the reflected pressure distribution under the incidence of the zero-order wave for LI, and the results show that most of sound energy is reflected back to the incident region, which is shown in the Supplementary Material.
[image: Figure 2]FIGURE 2 | Schematic of the propagation paths through the mode-conversion phased unit under the incidence of the zero-order wave for (A) LI and (B) RI. Simulated pressure distributions created by the phased unit under the incidence of the zero-order wave for (C) LI and (D) RI at 7.1 kHz. Red solid arrows in (A–D) represent the incident zero-order wave. (E) Simulated transmission spectra through the mode-conversion phased unit under the incidence of the zero-order wave for LI (blue dashed line) and RI (red solid line). (F) Simulated phase difference spectrum of both unit cells I and II. Black shaded region (6.2–10.4 kHz) represents the working band of the AAM. Schematic of propagation paths through the phased unit for the incidence of the first-order wave for (G) LI and (H) RI. Simulated pressure distributions created by the phased unit under the incidence of the first-order wave for (I) LI and (J) RI at 7.1 kHz. Red solid arrows in (G–J) represent the incident first-order wave.
Figure 2E shows the transmission spectra through the phased unit. It is observed that, in the range of 6.2–10.4 kHz (black shaded region), the transmission coefficients are larger than 0.65 for RI, but those are lower than 0.4 for LI, showing the obvious characteristics of AAM. Thus, the bandwidth of the phased unit is about 4.2 kHz, and the fractional bandwidth is about 0.5 (viz., the center frequency is 8.3 kHz), which is much wider than that of previous AAM devices based on phase modulation. To explain it, we simulate the phase spectra of the unit cells I and II, separately, and display the phase difference spectrum of both types of units in Figure 2F. Note that, in the working band of the phased unit (black shadow region), the phase difference is in the range from 0.82π to 1.52π, which is around the value of π. Therefore, we deduce that the broadband characteristic of the proposed phased unit arises from the stable phase difference of both types of unit cells around 7.1 kHz.
Moreover, for the incidence of the first-order wave (Figures 2G,H), the characteristics of the mode conversion and sound transmission created by the phased unit are opposite to those for the incidence of the zero-order wave (Figures 2A,B). Additionally, the simulated pressure distributions under the incidence of the first-order wave for LI and RI match well with the corresponding propagation paths shown in Figures 2G,H, showing the characteristic of the reversed AAM based on the incidence of the first-order wave. In addition to the mode conversion between the zero-order and first-order waves, we can realize the mode conversion between the zero-order and other high-order waves by designing different phase profiles, which is shown in the Supplementary Material.
DESIGN AND PERFORMANCES OF PHASED ARRAY LENS
Based on the mode-conversion phased unit, we design two types of phased array lenses with two types of sound insulation effects, such as BAI, UAI and reversed UAI. Compared with other types of sound insulation lenses based on the phase modulation (Song et al., 2016; Zhao et al., 2017; Yu et al., 2019), the proposed lenses have the typical advantages of single-layer planar structure, multi-functional sound insulation, and broad bandwidth.
Design and Performances of BAI Lens
First, we use 12 phased units with 72 unit cells (I and II) to design a phased array lens with BAI, in which its photograph is shown in Figure 3A. By using the phase modulation of 72 unit cells, we can realize the lens of BAI with high performance. As shown in Figure 3B, for RI, the zero-order wave is converted to the surface wave based on the phase modulation of 72 unit cells, and thus the acoustic wave cannot reach the far field of the left side. To realize this, by using the generalized Snell’s law (Yu et al., 2011), the theoretical phase profile can be written as
[image: image]
where k0 = 2πf/c is the wave number in air, and these parameters are selected as f = 7.1 kHz and c = 343 m/s. Based on Eq. 1, we calculate the theoretical continuous phase profile of the lens, which is shown in the Supplementary Material. By arranging the positions of 12 phased units with 72 discrete phase delays based on the theoretical phase profile, we can realize the conversion between the zero-order wave and surface wave. Here, there exist solid parts between the phased units for the BAI lens (shown in Figure 3A), this is because the phase distribution of the phased unit and the theoretical continuous profile do not agree with each other, and thus the solid parts made of epoxy resin are used to connect the phased units. However, for LI (Figure 3C), the converted first-order wave is prohibited by the step waveguide in the phased units owing to its cutoff frequency.
[image: Figure 3]FIGURE 3 | (A) Photograph of the BAI lens composed of 12 phased units. The solid parts are epoxy resin which is used to connect the phased units. Schematic of propagation paths through the BAI lens under the incidence of the zero-order wave for (B) RI and (C) LI. Simulated intensity distributions created by the BAI lens under the incidence of the zero-order wave for (D) RI and (E) LI at 7.1 kHz. Red solid arrows in (B–E) are the zero-order wave. Four insets on the bottom are the simulated (SI) and measured (ME) intensity distributions in red open squares R1 and R2.
To show the BAI performance, we simulate the intensity distributions created by the lens for LI and RI, in which the BAI effect is observed for both cases in the far field. As shown in Figure 3D, for RI, the acoustic wave can pass through the lens, but the sound energy is confined on the lens surface, forming as the surface mode. So, we observe that the sound energy in the far field on the left side is very weak. However, for LI (Figure 3E), the incident zero-order wave is converted to the first-order wave, and the sound energy is confined into the step waveguide of each phased unit. In this case, the sound energy in both near and far fields on the right side is very weak. Compared with the result for RI, the performance of sound insulation is better for LI. Therefore, we can realize the BAI based on two distinct mechanisms. To experimentally verify it, we measure the intensity distributions for RI and LI in red open squares R1 and R2. The description of the experiment setup is presented in the Supplementary Material. As shown in four insets in the bottom of Figures 3D,E, the measured results match well with the corresponding simulations, further demonstrating high BAI performance of the lens.
To display the bandwidth of the BAI lens, we simulate and measure its transmittance spectra for LI and RI, which is shown in Figure 4. Here, the transmittance can be calculated as |Po|2/|Pi|2, in which |Pi|2 and |Po|2 are the integration of sound intensity in the same transmitted region (with a distance of 30 cm away from the lens) without and with the lens, respectively. We observe that, in the range 6.95–9.20 kHz (black shaded region), the transmittances are lower than 0.2 for both LI and RI, and the simulated and measured results agree with each other. Therefore, its bandwidth is about 2.25 kHz, and the fractional bandwidth can reach about 0.28, exhibiting the broadband characteristic.
[image: Figure 4]FIGURE 4 | Simulated and measured transmittance spectra created by the BAI lens under the incidence of the zero-order wave for RI and LI.
Design and Performances of UAI Lens
In addition to the BAI lens, we adopt 12 phased units to design a phased array lens with UAI based on the mode-conversion mechanism, in which its photograph is shown in Figure 5A. Here, 12 phased units are placed close together, which is different from the arrangement of phased units in the BAI lens (shown in Figure 3A). The propagation paths through the lens for the incidence of the zero-order wave are shown in Figures 5B,C. Similar to those in Figures 2A,B, the first-order wave is obtained, and passes through the lens in the form of two symmetric sound beams with the refraction angles of ±45° for RI. But for LI (Figure 5C), the incident zero-order wave is prohibited by the step waveguide in each phased unit.
[image: Figure 5]FIGURE 5 | (A) Photograph of the UAI lens composed of 12 phased units. Each phased unit is placed close together. Schematic of propagation paths through the UAI lens under the incidence of the zero-order wave for (B) RI and (C) LI. Simulated pressure distributions created by the UAI lens under the incidence of the zero-order wave for (D) RI and (E) LI at 7.1 kHz. Red solid arrows in (B)–(E) are the incident wave. Four insets on the bottom are the simulated and measured intensity distributions in red open squares R3 and R4.
Figures 5D,E show the simulated pressure distributions created by the UAI lens for RI and LI, respectively. We can see that, for the incidence of the zero-order wave, the incident sound energy can pass through the lens as the form of two symmetric beams for RI, but cannot reach the right region for LI, showing typical characteristic of UAI. The four insets on the bottom of Figures 5D,E are the pressure distributions in red open squares R3 and R4. The measured results also match well with the simulated ones. Therefore, by using the proposed mode-conversion phased units, we can realize the UAI effect.
Figure 6 shows the simulated and measured the transmittance spectra of the UAI lens for LI and RI. In the frequency range 6.2–9.0 kHz (black shaded region), the transmittance spectra for LI and RI exhibit obvious characteristics of UAI. Thus, the bandwidth of the proposed UAI lens is 2.80 kHz, and the fractional bandwidth can reach about 0.37. Furthermore, both types of results are consistent with each other, and therefore the broadband feature of the proposed UAI lens is demonstrated experimentally. Beyond that, we simulate the pressure distributions created by the UAI lens for LI and RI by using the module of Acoustic-Solid Interaction, and discuss the influences of the thermoviscous loss (Shen and Cummer, 2018; Li et al., 2017; Ju et al., 2018; Gerard and Jing, 2020) on the performances of the UAI lens. The results are shown in the Supplementary Material.
[image: Figure 6]FIGURE 6 | Simulated and measured transmittance spectra created by the UAI lens under the incidence of the zero-order wave for RI and LI.
Performances of Reversed UAI
In addition to the aforementioned UAI effect, we can observe the reversed UAI by using the same lens with the incidence of the first-order wave. As shown in Figures 7A,B, the propagation paths through the lens for the incidence of the first-order wave are the same as those in Figures 2G,H. The incident first-order wave is converted to the zero-order wave and transmits through the lens for LI, but cannot pass through the lens for RI. Compared with the results in Figures 5B,C, the UAI effect is reserved for the incidence of the first-order wave.
[image: Figure 7]FIGURE 7 | Schematic of propagation paths through the UAI lens under the incidence of the first-order wave for (A) RI and (B) LI. Simulated pressure distributions created by the UAI lens under the incidence of the first-order wave for (D) RI and (E) LI at 7.1 kHz. Red solid arrows in (A–D) are the first-order wave. Four insets on the bottom are the simulated and measured intensity distributions in red open squares R5 and R6.
Figures 7C,D show the simulated pressure distributions through the UAI lens under the incidence of the first-order wave for RI and LI, respectively. It is found that, for RI, the incident first-order wave is prohibited by the step waveguide of each phased unit, and cannot reach the left side. But for LI, the first-order wave is converted to the zero-order wave, and can pass through the lens. The transmission characteristic is opposite to that in Figures 5D,E, which indicates that the designed UAI lens can realize the effect of reversed UAI under the incidence of the first-order wave. The measured pressure distributions in red open squares R5 and R6 are shown on the bottom of Figures 7C,D, and the measured results match with the simulated ones well. Therefore, the proposed lens has the advantage of multi-channel UAI, which can realize the characteristics of UAI and reversed UAI based on the incidence of the zero-order and first-order waves, respectively.
CONCLUSION
In conclusion, we have experimentally demonstrated two types of single-layer phased array lenses with multi-functional sound insulation which consist of 12 mode-conversion phased units composed of two types of unit cells (I and II) with an opposite difference. The results show that, based on the phase regulation, the proposed phased unit can realize the mode conversion between two different types of waves and AAM with a fractional bandwidth of 0.5. By arranging the phased units based on the theoretical phase profiles, we have realized two types of lenses with BAI and UAI for the incidence of the zero-order wave, and their fractional bandwidths can reach about 0.28 and 0.37, respectively. More interestingly, for the incidence of the first-order wave, the UAI effect of the lens is reversed. The experimental and numerical results agree well with each other. The proposed mode-conversion phased unit and its designed phased array lenses provide diverse routes to design multi-functional sound insulation structures with versatile applications.
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