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Fig. 1. (a) Schematics of generating acoustic OAM beams using transducers array¥; (b) schematics of generating acoustic OAM

beams by spiral active diffraction grating®”; (c) schematics of a SPP with topological charge m = 4 (cl), picture of the 3D printed

thermoplastic acoustic SPP (¢2)1%; (d) using the axisymmetric sound grating!® (d1), logarithmic spiral sound grating/® (d2),

Archimedes spiral sound grating/® (d3), Fresnel zone plate sound gratingl®%¥ (d4), Fermat spiral sound grating!® (d5) to generate

acoustic OAM beams; (e) acoustic OAM beams generated by resonant ring metasurfacel™); (f) acoustic OAM beams generated by

the complex labyrinth type ring metasurfacel™.
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Fig. 2. (a) Generation of high-order and multiplexed acoustic OAM beams by acoustic resonance structurel™, (al) structure and the

distributions of pressure and phase of different planes, (a2) multiplexed phase hologram of OAM sound beams, (a3) discretization

phase hologram, (a4) structure to detect vortex field; (b) generation OAM sound beams by Fermat’s spiral diffraction grating®,

(b1) structural diagram, sound pressure, phase distribution, and power density spectrum, (b2) schematic diagram for detection, and

(b3) results.
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Table 1.  Performance comparison of different schemes of

generating acoustic vortex beams.
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Fig. 3. (a) Inner product algorithm is used to detect OAM sound beams!®; (b) detection of OAM sound beams by using parabolic

decoding metasurface (b1), relationship between the reflection angle, o, and OAM charge, m¥ (b2); (c) detection principle of multi-

points interferometer (c1), far-field intensity distributions (c2)®; (d) sketch map (d1), (d2) and far-field intensity distributions (d3),

(d4) for (d1) annular triangle aperture and (d2) annular ellipse aperturel??.
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T 1R A T A G U ey e — s Py ) 7 % (890,
2020 4F, HNE TP R 730 8 SRS 42 1, F it
HRE 75 0% P9 6 k2 A0 S D B R 00 o 2 T
T30, I3 Bk IR LRSI 85 57 159 398 = A fL
1 G IR FLAR 00 SEE T X A R A A AG I X
FEFLEES TR M, WE 3(c) P, B
TR m S IR BELE AT N A BIFL A [RFLRE )
TV ARSI M m = m + N
(A7 5 S5 40 s S m B AT S R 8 w0 R AE

AR 38 5 XA 5 A 75 40 A R AT W, AT LA
SEENF m| < N B IR BER R, X = MR fLE
(K 3(d1)), MItHEARRI 45 R (B 3(d3)) Al LA
AT DARSEAT S E 2 s LR = TR AR S B
G3A0 FIRT A S ITE RS AR A FRFMar, AH R 4+ MarEl
FI RS | m| AT — Sk i 5 B8 —, I H
SERETT ] SR MAT AT OC, H5HAH S+ M
) P T JE 1Y) G837 A1 Sk P 2R 8 S e 180°. T Xt T
WAL (K] 3(d2)), MRS B S5 M 43 A
B (& 3(d4)) FASKEL B, 18 o 850+ IR e ik 2ad 25
TE MG B FLAR AT S8 5 I A5 380 1 5 32 43 A ] v ) G
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KT OAM FH R IR B Ak T 20 BB,

244301-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020)

244301
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Table 2.  Performances comparison of different demodulation schemes of acoustic vortex beams.
MEGRTE  BROAME KR Hlass>) BN 5 LAY fff A T LIS  PRIEALAR

A [ (S fi& i i ik
BUYE%S IEH EH EH IEH EH IEH

Wi @ # # # i &
RS 2% 2k i B fA 2R frj 2R {2
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T A b 7 B 7 7 B
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TTIEAN AT EEA P3R5 4R 58 38 ] B e 2
(1 OAM P U IR 7 AT R AR TR 2 B
F R H AR A TR) e JCE 7 SRS 81 75 S84 224 05 T Y
PERE LB AN 2 FT.
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T3 JIE i 37 ) — > E BN B AR A7 A,
© WA B AT 3 v 2 R AS e v P N L
kvt XEWE CITRAAEES T AR A/, i
S PN IE AR EATIH . BrRILZ A, OAM
P AUA AT VT 22 HADAT BRI o

2003 4, Thomas A1 Marchiano? 2 H — |~
IUHZME R e LR Phah = S, OAM Al
OAM el B HAT AR PR . AR thahiE R b )
gk, (B3 NERR IR L E— R MBS, W
LM 5 IS B UGB I P2 A I TAESR 7R3
SITEPA BT, SR Mar R R B B g B
AIEUE A sh i S Re e 2 FsPiE. ok, 7E(R
SE WA B ST HA A S TR T, 7T LA
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AT 9% S M A m B R i i A AR
FEVE, AT AR 55 PP SR P RE 2 8 AR B m |
N (8 -1) BTk e, BEAN, R TAERR T
HLA A () 3 A8 B 4 FMar i PR~ O AM 75 B[] A9 AH
HAEH, UESE T AN A R 4R A OAM 7R
PEALRE AR TP O S B2, T S 4554 A Fh M A
AR, IR OAM MR B i 5L i B B RS,
It H Rl G J5 Y R RO A 5T SRR A A A R AT

TE5 S BRI LSO FHE, A B8 7 7EAS [F] Y
25 (8] DX 30 N B S B AR TR Bian, 76 A e 24 i
FEEIE T, P A A A SRR AR AR 25 57 ) HE
VRGPS rh ) P R VR B Y R R, 2 R L R

43 2 R A8 A i B P9, 2008 4, Marchiano
S 0T A S s AR A4 B OAM 7R Y — 4
AL MALTE AT TEAEI 5. XL RGN 8h )
PR K 514 B R OAM 75 B AR L e 4 1k i 0T
FERW, OAM 7 U TEAL 3G 3 A8 v ™ A= 0, T2
— A LY. AN, IR AL R
AN [F) 1 3R A 0o Al Gt DX B ) s 3 g 2
(EP OAM 75 B AR P 5 ) 34T T 5%, 45 R 3%
B, and OAM 6 i it —4E RN T (AFEIE B
BE) fE4E, M & LR L ( 4(a)), TanRAE
TN TR R BN (BOEEE), HiMr Sy
AR (B 4(b)). X 22 vh B 4 g 31 11
SERIEATIET, R8s A XTI S, IESE OAM
PRI =LA R LA T A EEAS A ).

2009 4, Brunet 45 18] 38 i S50 WS B HE T A
Rl M AR LM P TR TR A R I 237 AR 0, 3
—HESN T X OAM 75 AR RRE TS, th T
R W8 P % 47 B B e e st (L, A1 L BB
1) i DR I 43 AR M oA 4R A s b, i HL el T
KGR P A HEE LN BT, 25 S0 R0 T L ) ey
AR XS R B LR BT B IR AR BT XX s H
B = AR A, A X A ) i
I fa o s ER AT T ST, 1B 5(a) W T 4R
AR m =1 (%) flm =3 () B OAM 7R 7E
] —F-1m AR IRIE] R T/3 (T 4 JE130Y) 45 () b
P R AB O (EA5 10 R RS, WO BT s R
BRTER . SEIRAE SRR, TR B IE B B B 2 A,
A 5 Mar AR E BT R A R B IR AR 25
R OAM FH R &5 A v, 1 HiRik T OAM
FRAEAE S B T B ES At E.

2019 4, Fan %5 99 X} OAM = R AEIE 514
P R AERR AT TRTSE. B, XL X
EW (FHEN ¢ = ¢ Gz, GNBEE) B OAM
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2fo

Kl 4 OAM M HE (a) — AP BEM (b) 4 BN AR MALIE P, b L EB/R XOZ M i3 5 AR R IR . T EUE 5L
TR R R F R R AIE RS (Z = 0.07, 0.23, 0.32 %u 0.85) A XY V18 I B AH 7

Fig. 4. Nonlinear propagation of a single OAM sound beams through (a) a 1D acoustical lens and (b) a 2D acoustical lens®”. Top
view presents the RMS (root mean square) amplitude in the XOZ plane. Bottom views are representations of the phase for the fun-
damental frequency and the second harmonic across plane X, Y at different distances: Z = 0.07, 0.23, 0.32, and 0.85 the positions of

these planes are indicated by dashed lines on the top view.
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B 5 (a) BEHHAMGT m = 1 (Z2) Flom = 3 (41) B AR LR QAN 74 SR 7 R [ 2201 R 75 (B0 €5 S 2 B et — AW 0 3
)% (b) (b1) SME A OAM 7SR5 i HO I, (b2) TRHE S 75 R X 3R, (b3) 2R I 0 P4 B B BS o F L MIRLZE y-2 I b 1
BRI, (b4) E4HJEHEVER (72) HOAR R (R (el ) i (0 6 9 S 0 (000 ) (L) I B 5 Al A RV ol (O ) 1% 4
f ez 0

Fig. 5. (a) Instantaneous sound pressure of a nonlinear OAM beam carrying topological charge m = 1 (left) and m = 3 (right) at

PN

different moments®®. The black arrows indicate the position of one of the three shocks. (b) (b1) Simulation of OAM sound beams
bending in a stratified medium, (b2) the sound speed profile, (b3) stretching and distorting of the phase on y-z cross sections at dif-
ferent propagating distances z, (b4) vortex phases (color plots) and energy flux (black arrows and white streamlines) in the strati-

fied ocean (left) and a comparison with propagation in an unstratified ocean (right)”l
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B RERR A H I A S5 X BER.
51207 Z 5 BINEAE OAM W G I
ATFl, Cheng AL 184102 15 ok 48 AN [R1H F M
1) OAM AR R {5 B, anlEl 6(b1) B,
TAEMH 8 e #% 2R TT 4 A B AR s B R SR
B OAM ™A, Hrh BN FRITAE -5 (1 i 2 F0
AR X5 ATk S g . LASASTURS A 8, M
m = 1K1 m = 2 Pifl OAM 75 A gEA7 4 i 1l L%
i 2 bits MAF S (HUNFNGAE B g AEAH 7, m F]
FHIA 1 1/4, 1/8 X 1/16 MG BRSO A Y
M FBok S Bt 43 5% % 4, 8, 1 16 bits ({5
B, A TR SR P (A T 2R A5, [RIRE n] AR 4 A [R]
F4) e {1 20t R 1 R S 22 bt B 1 BB . 181 6(b2)
R T ARV E A A 5 7 fff b g 19 4 X 38 4 40 A
oL, Horf o mth (A, ¢) Rndhshm b m, g7
FABE AR A F ¢ B9 OAM AR By . A 6
ATLUE R OAM 3Ok gafis (s B, #7 A
[l F M OAM 75 AU B Z (8] 5E 4 1E 52, T
H 52 G55 IR SO AT B, X0 4
7 T LA B4 S A 2 B E HERIEE, 75
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(a) (al) 5256 R Z 18, (a2) B0 “Berkly” % 89 ASCII 4 577 28, (a3) 5256 I 2 15 2 A4 8437 “ Berkly” % 17 598 il 45 5
A5 0\ R4 FMET Y RS S I 5 AR 2 89); (b) (b1) 35T OAM 75 ot ity 8 - 8 L BUR 1R, (b2) RRIE 4
W& R (Ze) BLAHAL () 43 A ] 54102

155 18 15 355 P A DX

Fig. 6. (a) (al) Schematic diagram of the experiment, (a2) the ASCII code corresponding to the word “Berkly”, (a3) the amplitude

and phase of the eight topological charges contained in the modulation signal corresponding to the word “Berkly” as measured by

the experiment®; (b) (b1) schematic diagram of the modulation-demodulation principle based on the OAM sound beams, (b2) dis-

tribution of different composite signals in two regions of the decoding terminal, (b3) distribution diagram of signal amplitude (left)

and phase (right) before and after the decoding with the hypersurface/®102,

OAM 75 [ i (L FAR A .

2019 4F, Zhang 1 Yang'%! F] Ff 75 i i€ 1% fi
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FE RS OAM 3 E. 1ZPIBAR A 20 A #eRB Ay 4
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OAM ¥ S B9 OAM ZSHEF TR, LUK 5
HiEY. 41131|‘]Eizﬂ/ﬁﬂlﬂif§th, z_ﬁﬁ%ﬁﬁﬁ%fiﬁ
FiKF| 8 (bit/s)/Hz, 5 H M OOK ¥ il #H L,
5 LRI E T 8 %, LG HZM OAM £
K5 SRS R, AT LASEBUSRCR B it — 2
P LAk, FEIZ TAE T, %07 H OAM fFiB Y
BE MR G EZIEREIET T REMIT, 458 %
BL, AT OAM 838 (U5 & ST RE A8 £
A R, M RE S HEGEs i B A T A
K, 5 EIATOK, PR, B E
R RE R A
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(a)

t=+1

% ﬁ: =42
__/: 'E{-g"t - +ft/lultiplex I
e

B 7 (a) KFEEAERELHE T 8 OAM MR AL & /R E & (b) (b1) A5 REAERAT 256 x 256 1% 25 A9 K K% lena (lena.jpg);

(b2) 7E 20 dB A5 MR LL T, A5 MBI A oy 34 1 R P 15 8 i 4 (A 1T 45 1109

Fig. 7. (a) Notion of underwater acoustic communication system multiplexing 8 OAM topological charges; (b) (bl) the gray scale

image with 256 x 256 pixels of lena (lena.jpg) to be transmitted through the communication system, (b2) the receiving image ob-
tained at 20 dB SNR where additive white gaussian noise (AWGN) was only concerned(!?].
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Abstract

The orbital angular momentum (OAM) carried by acoustic vortex beam can be transmitted to objects,
which has a good application prospect in particle manipulation. In addition, the acoustic vortex beam also has
great potentials in acoustic communication. The acoustic vortex beams with different OAM modes are
orthogonal to each other, so the OAM mode can be introduced into the traditional acoustic communication,
which provides a potential solution for realizing the high-speed, large-capacity and high-spectral efficiency of
underwater acoustic communication technology in future. In this paper, we summarize the research progress of
acoustic vortex beam, in which we mainly introduce the generation and detection scheme of acoustic vortex
beam, its transmission characteristics, and its typical research cases in communication. Finally, the future

development trend and the outlook of acoustic vortex beam are also analyzed and prospected.
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