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Design and optimization of a sub-wavelength unidirectional transmission

structure for underwater acoustic waves with multiple incident directions
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Abstract: Using the transfer matrix method, the band structure of the infinite solid-fluid superlattice and
the transmission spectrum of the finite cascaded superlattice are calculated and analyzed based on the
transfer matrix of the unit cell of superlattice. On this basis, the underwater sub-wavelength wide-angle
acoustic unidirectional transmission structure is constructed by coupling 1D periodic rectangular acoustic

gratings with the cascaded superlattice, and the mechanism of wide-angle unidirectional transmission is
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revealed. The finite element simulation results show that the structure can realize the unidirectional
transmission effect for incident acoustic waves of about 20 degrees, and has the characteristics of
broadband and high rectification ratio. Finally, by rotating the unit cell of acoustic gratings, the forward
conductivity of the structure is effectively improved. This research breaks through the limitation of
“wavelength-size” in the design of unidirectional acoustic transmission based on phononic crystals, and is
helpful for the development of underwater acoustic rectifiers towards miniaturization and integration.
Keywords: wide-angle; acoustic unidirectional transmission; sub-wavelength; superlattice
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Fig. 1 Schematic diagram of the sub-wavelength wide-angle unidirectional transmission device

2
2.1 N, N, +N,
T, = (HT,g“). ( 11 T, (3)
’ n=1 n=N,+1
Iy 2X2 o 3
% — 2
A+wTT cutpViu=p2t, D t=1/1Ty@.D I,
7/1 M U , 2 i ,
o =0 ,(1
" o , 2
° 1, 2 ,
(197,
’ 70 kHZ ’ D’
1
2 o
2 n TV (1< n<
N TPN,+1<n<N, +N,),
’ BlOCh
o0 ’ °
1
cos(kD) = Ir,a.D er T,(2.2) . (2) Tab.1 Acoustic parameters of the materials
.k Bloch .D , / / /
(kg e m?) (mes) (mes)
T, n .
2 700 6 300 3 080
(2 ,  |cos(kD) |1 ,Bloch k % 000 1660 ) 260
»Bloch ’ ; PMMA 1180 2 700 1400
’ ° 1100 2 400 1100
! g, | cos(kD) | . 1200 2 300 940
’ 11 400 2 160 780
7 800 6 100 3 300

N, N, 1000 1500 —




11

W [« 2 [ O
(=] (= (=] S S
T T T T

ANEFF/C0)

S
S

W
S

N
(=]

10f

D 55 70 40 55 70 40 55 70 40 55 70 40 55 70 40 55 70
a “EHK” BEM b CHKR” BEM o “PMMAK” BEME d HENEK” BEK e BEREROKT BEEK £ WK BEK

M2 /kHz
2
Fig. 2 Band structure of solid-fluid superlattice
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Fig. 5 Simulated acoustic pressure and displacement distribution for the positive(a) and negative(b)
incident acoustic waves of 70 kHz, where the incident angle is 49 degree and the acoustic
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Fig. 9 Simulated acoustic pressure and displacement distribution for the positive(a) and negative(b)
incident acoustic waves of 70 kHz, where the incident angle is 49° and 6, is 45°and the acoustic

pressure distribution(c, d) of a and b along the x axis

o

53° . .
. 10 T. 0,

0, 30° ~ 60° . 60 ~ 88 kHz

b

; ’ Fig. 10 Forward energy transmission coefficient as a function
o 8 11 ’ of orientation angle and incident frequency

b : °



15

1.50 a

0.75

0.75 1.50 0 0.75 1.50
x/m x/m

FEER/(107W + m™)
0 1 2 3 4 5

:(a) ;(b)
Fig. 11 The acoustic intensity field distribution when
a line source incident at the optimized structure:
(a) positive incidence; (b) negative incidence

o

. COMSOL
Multiphysics s
44°~62° ,

o

[1] LIANG B, YUAN B, CHENG J C. Acoustic diode:
rectification of acoustic energy flux in one-dimensional
systems [ J |]. Physical Review Letters, 2009, 103
(10): 104301.

[2] LIANG B, GUO X S, TUJ, et al. An acoustic rectifier
[J]. Nature Materials, 2010, 9(12). 989.

[3] LIXF, NI X, FENG L, et al. Tunable unidirectional sound
propagation through a sonic-crystal-based acoustic diode[ ] ].
Physical Review Letters, 2011, 106(8): 084301.

[4] BOECHLER N, THEOCHARIS G, DARAIO C. Bi-
furcation-based acoustic switching and rectification[ ] ].
Nature Materials, 2011, 10(9): 665.

[5] SUN H X, ZHANG S Y. Enhancement of asymmetric
acoustic transmission [ J ]. Applied Physics Letters,
2013, 102(11): 113511.

[6] LI B, WANG L, CASATI G. Thermal diode: rectifica-
tion of heat flux[J]. Physical Review Letters, 2004, 93
(18): 184301.

[7] WANGDW, ZHOU HT, GUO M ], et al. Optical di-
ode made from a moving photonic crystal[ J]. Physical
Review Letters, 2013, 110(9): 093901.

[8] WANG Z, NIE X, ZHANG P. Unidirectional transmis-
sion of water waves through a one-dimensional combina-
tion immersed system[ J]. Physica Scripta, 2014, 89
(9): 095201.

[9] . , . [JJ.

, 2015, 64(9) :26-36.

[10] KUSHWAHA M S, HALEVI P, DOBRZYNSKI L,
et al. Acoustic band structure of periodic elastic com-
posites [ J ]. Physical Review Letters, 1993, 71:
2022-2025.

[11] POPA B 1, CUMMER S A. Non-reciprocal and highly
nonlinear active acoustic metamaterials [ ] . Nature
Communications, 2014, 5;: 3398.

[12] LT Y, SHEN C, XIE Y, et al. Tunable asymmetric
transmission via lossy acoustic metasurfaces[ J]. Physi-
cal Review Letters, 2017, 119(3): 035501.

[13] XIE B, CHENG H, TANG K, et al. Multiband asym-
metric transmission of airborne sound by coded meta-
surfaces [ ] . Physical Review Applied, 2017, 7
(2): 024010.

[14] LIU T, ZHU X F, CHEN F, et al. Unidirectional
wave vector manipulation in two-dimensional space
with an all passive acoustic parity-time-symmetric
metamaterials crystal [ J ]. Physical Review Letters,
2018, 120(12) . 124502.

[15] HASSOUANI Y, BOUDOUTI E H, DJAFARI-ROU-
HANI B, et al. Sagittal acoustic waves in finite solid-
fluid superlattices: band-gap structure, surface and
confined modes, and omnidirectional reflection and se-
lective transmission[ J]. Physical Review B, 2008, 78
(17): 174306.

[16] , ,

LJl. .
2013, 62(20) .277-284.

[17] MIZUNO S. Phononic bandgaps peculiar to solid-fluid
superlattices[ J]. Japanese Journal of Applied Physics,
2015, 55(1): 017302.

[18] ZHANG S, ZHANG Y, GUO Y, et al. Realization of
subwavelength asymmetric acoustic transmission based
on low-frequency forbidden transmission[J]. Physical
Review Applied, 2016, 5(3): 034006.

[19] ZHANG S. ZHANG Y. GAO X W. Superwide-angle
acoustic propagations above the critical angles of the
Snell law in liquid-solid superlattice[ J]. Chinese Phys-
ics B, 2014, 23(12): 124301.

[20] ZHANG S, XU B Q. CAO W W. Controlling the an-
gle range in acoustic low-frequency forbidden transmis-
sion in solid-fluid superlattice[ J]. Journal of Applied
Physics, 2018, 123(11): 115111.

C J



