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Acoustic Meta-holograms for Encrypted Information Transmission

We report on the theoretical, numerical and experimental investigation of secure acoustic holography. This secure holography is achieved via an encoded hologram generated by a transducer array decoded by a transmissive acoustic meta-key. An unreadable image is received if directly using the encoded hologram, while the desired image can be obtained only with the aid of a decoding metastructure, i.e., a correctly decoding meta-key. The proposed meta-key consists of a series of unit cells, each of them is composed of a straight channel decorated with several opening panels.

By adjusting the opening size of unit cells within the meta-key, its transmitted phase profile can be effectively controlled, hence, the desired decoding meta-key can be successfully constructed. The patterns of a butterfly, sunglasses and the letters of NJUST are chosen as examples to demonstrate the performance of the secure acoustic holography. Vulnerability tests of the meta-key further confirm the safety and reliability of secure acoustic holography. With the advantages of simple design, flexible functionality, and high quality for reconstructed images, our work opens a new avenue for acoustic holography and may find applications in secure acoustic communications based on holograms.

I. INTRODUCTION

Acoustic holograms, with the ability of arbitrary sound field reconstruction, have been broadly studied in the last few years, [1][START_REF] Xie | Acoustic holographic rendering 430 with two-dimensional metamaterial-based passive phased 431[END_REF][START_REF] Marzo | Holographic acoustic elements 435 for manipulation of levitated objects[END_REF][START_REF] Marzo | Holographic 438 acoustic tweezers[END_REF][5][6][7][8][9][10][11][12] offering new inspirations in a variety of applications such as ultrasonic therapy and particle manipulations. [13][14][15][START_REF] Ma | Acoustic holographic cell patterning in 493 a biocompatible hydrogel[END_REF][START_REF] Ma | Dynamic ultrasound projector controlled 497 by light[END_REF][START_REF] Ma | Spatial ultrasound modulation by digitally 501 controlling microbubble arrays[END_REF] Holograms are generally realized by either active transducer arrays [START_REF] Marzo | Holographic acoustic elements 435 for manipulation of levitated objects[END_REF][START_REF] Marzo | Holographic 438 acoustic tweezers[END_REF][5]9] or passive acoustic metamaterials [6-8, [START_REF] Xie | Acoustic holographic rendering 506 with two-dimensional metamaterial-based passive phased 507 array[END_REF][START_REF] Michael D Brown | Phase and amplitude modulation 509 with acoustic holograms[END_REF][START_REF] Zhang | Converged wireless 513 infrastructure with acoustic holographic array[END_REF], where the phase and/or amplitude response on each hologram pixel are engineered to re-construct the desired field at a certain spatial location.

For conventional acoustic meta-holograms, the phase plate containing phase information is used for the field reconstruction [1,[START_REF] Xie | Acoustic holographic rendering 430 with two-dimensional metamaterial-based passive phased 431[END_REF], and the corresponding image quality is, however, barely satisfactory due to the missing amplitude information of holograms. To overcome this limitation, acoustic meta-holograms could be realized based on both phase and amplitude information [7,[START_REF] Zhu | Systematic 516 design of multiplexed-acoustic-metasurface hologram 517 with simultaneous amplitude and phase modulations[END_REF] so that high-quality images can be re-constructed with no need for optimizations. This extraordinary success has broadened the potential applications for acoustic holograms.

At the same time, remarkable progress has been made to achieve holographic images with high efficiency and quality using electromagnetic waves in terahertz, infrared, and visible regimes. [START_REF] Butt | Carbon 522 nanotube based high resolution holograms[END_REF][START_REF] Larouche | Infrared metamaterial 526 phase holograms[END_REF][25][START_REF] Ni | Metasurface holograms for visible light[END_REF][START_REF] Huang | Three-dimensional optical holography using a plasmonic 541 metasurface[END_REF][START_REF] Zheng | Metasurface holograms reaching 80% efficiency[END_REF][29][START_REF] Huang | Broadband hybrid holographic multiplexing[END_REF][31][32][33][34][35] The electromagnetic meta-holograms can be effectively tuned by controlling either metasurfaces composed of active materials or incident light sources. For the 

A E i,j = A i,j , (1) 
122 however, the encoded phase information ϕ E i,j is 123 modulated as 

124 ϕ E i,j = ϕ i,j -ϕ R i,j . (2 
151 p i,j = A i,j e ϕi,j = M m=1 A m r m exp (ikr m ), (3) 
r 2 m = (x i,j -x m ) 2 + (y i,j -y m ) 2 + (z i,j -z m ) 2 .
157

Inversely, the acoustic field on the image plane can 158 be also calculated analytically based on the information 159 contained in the hologram, i.e., 160 where N × N is the total number of hologram pixels, and the distance r i,j between the spatial point (x, y, z)

P m = N i,j=1 A i,j r i,j exp [-i(kr i,j -ϕ i,j )], (4 
and the hologram pixel (x i,j , y i,j , z i,j ) is calculated by

r 2 i,j = (x -x i,j ) 2 + (y -y i,j ) 2 + (z -z i,j ) 2 .

III. DESIGN OF ACOUSTIC META-KEY

The acoustic meta-key is composed of a series of Eq. ( 4), the numerical simulation based on the finite 
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To further test the security of the system, another 348 situation, when the specific information on some of its 349 random locations is deciphered, is considered (Fig. 7).
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The deciphered parts of the meta-key are illustrated by 

FIG. 1 .

 1 FIG. 1. Illustration of secure acoustic holography. (a) Encoded hologram contains the secure amplitude and enciphered phase information of the transmitted acoustic field, and an unreadable acoustic field will be generated directly using the encoded hologram (left panel). The acoustic meta-key contains the decoding phase, and the desired field can be recovered with the aid of the meta-key. (b) Encoded hologram, decoding phase provided by the meta-key and decoded hologram for the acoustic field of a butterfly.
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  where k = 2πf /c is the wavenumber, c = 343 m • s -1 is 153 the sound speed of the background medium, air. M is 154 the total number of image pixels, and r m is the spatial 155 distance between the image pixel and hologram pixel, i.e., 156

) 161 FIG. 2 .

 1612 FIG. 2. Illustration of the acoustic meta-key and experiment setup for the measurements of acoustic fields. (a) three-dimensional illustration and the corresponding two-dimensional cross-section of an element of the meta-key. (b) Phase shift and the transmission rate of the sound field when varying the geometry parameter of the element. Inset: simulation setup for the unit of acoustic meta-key. (c) The emitter array consisting of 16 × 16 elements is connected to a computer through an Arduino Nano board. An ultrasonic receiver is mounted on a translation stage, which is directly controlled by the computer through a Matlab script. Received signals are captured by the oscilloscope and then transmitted to the computer. (d) Photos of a meta-key sample and the emitter array.

16 229FIG. 3 .FIG. 4 .

 1634 FIG. 3. Results for the field of a butterfly. (a) Desired field of a butterfly. (b) Encoded amplitude and (c) phase information for the desired field. (d) Additional phase provided by the meta-key. (e) Unreadable field generated directly by the encoded hologram. (f-h) Analytical, numerical, and experimental results for the field generated by the decoded hologram.
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 445 Fig.4(d), which is the same as that in Fig.3(d). Here, 280
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  FIG. 6.The vulnerability test of the meta-key.(a) Match ratio between the holographic images using the partial meta-key and the entire meta-key. Inset: partial meta-key (marked by the shadow) containing n × n effective phases. (b) Intensity fields using partial meta-keys with different n.

351

  shadows in the inset in Fig.7(a), where the area ratio 352 between the deciphered part and the whole meta-key 353 is characterized by the decryption percentage. The 354 match ratio between the meta-holographic images using 355 the partial meta-key and the entire meta-key is shown 356 in Fig. 7(a), where the match ratio increases with the 357 decryption percentage. The reconstructed image is still 358 fuzzy even when 85% of the meta-key is deciphered 359 [Fig. 7(b)], and the image is barely recognized when 360 the decryption percentage reaches 90%, which again 361 confirms the security and reliability of the secure acoustic 362 holography proposed here; see Video 1 for the dynamic 363 evolution of the reconstructed holographic images when 364 the information of the meta-key is deciphered [59]. 365 We have also examined the effect of the image location 366 on the quality of the reconstructed hologram.
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  FIG. 7.The vulnerability test of the meta-key when the information at random locations is deciphered. (a) Match ratio between the holographic images using the partial meta-key and the entire meta-key.Inset: the partially-deciphered meta-key is illustrated by shadows. (b) Intensity fields using partially-deciphered meta-keys.
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distribution on the image plane for the analytical results

315

[Eq. [START_REF] Marzo | Holographic 438 acoustic tweezers[END_REF]], the numerical simulation, and the experimental 316 measurements, respectively.

From the results, the 317 pre-designed pattern of letters NJUST is well recovered 318 and clearly observed. accessed by others (Fig. 6). The match ratio between 330 the meta-holographic images using the partial meta-key