® 435 F 11 8/2023 F 6 B/¥FFHR

K EHRIK

(] BRA LIS 11 8 e 1 5245 1 8 I 5 20 /7

HEXE-HRIEX

XET, IR IR, ERE, RERE

PHEE TR A S FEE T
BRPERH R ER T EE S AT

2EBE, BEVE PE4 710048;
fE2EBE, BREPY PE9E 7100215

PG ol R R TAR B, BRVE PH % 710021

E NS E RGOE I B A0 R DL A 0 T SR AR SCHR T — R T LI M B B (OAM) B AT 42 (7]
RS 0B A IR TEC I GRS Jr o (8 5 3k 5 370 6 RO [ — S EL A A2 43 ) A S AT O AM B 25 B4 17 35 7R - 7
(LG)IRFEEH , 5 — B AT AR m B 245 (p=0,1,2,3) Al S Fl AR ] [A] b OAM B 45 (/=+3, £5,+7, 2 9) I LG iR IE
G B 7= Az 1 32 AU TR R4 B4 IR T 6 SOG40 A R UEAT 40 o B 32 4L E A R B D SRR I 4% SCHR 1 A9 i g 56 &
B0 32 A TR LG IR G IR, MR SRS T 4 0 ey Bl e S OT A AR S - ol 10 S 3 AT S ' B T A
KRR LG I BESE A I BB p I L, HAS 32 O AM B AR (7] 45 25 48 1 1) 5 0, 5 2K AT S92 B0 16 A ik 15

KEE WHDLF; EARIOCH; PUAEMSiE; RIBE,; EMETACH; mm s

mESES P427.1 XHIRER A

1 5 5

G 2 A BT 55 HEA T s 2 el R 1 &
FLILRN , 15 G0 B G B AR T B IR MR AR AR A7 ]
R A S5 2 B B AN BB AT K A5 I 25 4l
BFREMT R R T 205015 R G015 I8 25 8 AL i
R 1992 4F , Allen 45 7E HLRE % 400 0IE B T BA
S W T AF A5 PR 1) 3R ' SRA R A A o LS
f o (OAM) o 16 BE G A R H M 4 (0 ) 3 25 4, (15
EAEEFE R Ay g Sk By Kk
PRI A Ak AS 2 Tz B R R R A ) 8
17 40 3 5 VS A 1 1 FH AL

OB BEOC R A LR 3Rk 55 R - OB R
D158 IR - i W 6 SR DA R oK v W e R R a6 R -
¥y (Laguerre-Gaussian, LG ) JtH 2 — Fi LAY 1Y 4 i€ Ot
FLATE N LG, Hod 2o OAM B2 (AR I M 50
pRNBEMBES . AR OAM BZ 1Y 1E 58P DL K OAM
HU(E Y 22 BE PR 0l 45 108 5 ' o 19 4 A5 4 R Bk B i
3 {75 AT F 5 B B 2 — o 2014 4F , Anguita 25
G2 T WA LG G el 8 i, i K M AR TR E A
L H TR LG AR R m B p ¥ 0, 2020
AF He %54 H— BRI G2 50 B0 S R X 28 )M 8
HEAT 538 (5 9 7 s . 2021 4F , Nan 25617 F) W % £

DOI: 10.3788/A0S8222187

S 577 A B A TR O AM A 114 3% e % o8 T 3E 17 AH
F&m, =16 MRFREDEHRER R, R T —Fh 3
TOeom A ME R GRS I 5. 2021 4F , Wang % FI FH 6
A7 Z I HI R 16 B OAM AR ZS (/= =+ 1~+8) il 4 Ff
RS (p=0~3) 4L B (1) 64 Fh ik g 6 o 17 4 1
IF HIUE T g AE L e i T AT PRI 250k . LR 4
505 3 T AE P AE B — ) OAM #2485 8l 3% 22 28 1k 1
OAM 525 A1 5. B 0, % g 55 7 =X 122 W oty ot 1) 1sf A
BRI PAEH ZS S TRVE A1 A A i o] SRR A . oA
TR R Y R EE A AR SO T — A T OAM A
A AR ) B 114 ] i 78 i 1 7 =X

T 2 Wi ot it A s D) 0020 ARG TN T8 E ' AR A 2
Bop R L H UL R IR TE O SRR U O kA s I A
N b BCOWEE TR R AT S R vk (B AN R O
M2 A SUTE M Ok = IR BE M) AR L 2006 4F
Sztul 25 HEAT T IR TE G A A% G R4 T+ 5 52 56 T
WHECHR A OAMfE . 2010 4F, Zhang 2/ 42 1 7 —
BT B 0 Ik 2R HEE M, AT OAM RS 19 3% 22 7T 5
T FEL 0 R 2 — 12~ + 12, (5 H: 3 00 785 [ A7 G 32 5 2
BBy G IE A5 I B SR . 2016 4F , Fu s WF 98 T —Fh
AT LA 22 6 OAM S 1 et , 38 222l ad b 5 <5
T I WE G RN B R+ 12 5% — 12 14 B i A A7 B 45
B A OAM B (R S [l i 2 —24~24 , HiE

KR EHEE: 2022-12-29; 1EEIBHI: 2023-02-04; FRAHHA: 2023-02-20; MLE A% HE: 2023-03-09
BEEWE . BNEHETIRS 7 L W25 H (201C027) 95 22 17 & AL Be Ir R BUIR 45 Al 30 H (22GXEW0074) [ % H
SRBHE S 4 (62001363, 62101313) BV 48 BHE T 5 s 0 & 1 H40 - Tolk 43— 5 351 H (2022GY-100)

BIS1EE . ‘wupengf@xaut.edu.cn

1126001-1


https://dx.doi.org/10.3788/AOS222187
mailto:E-mail:wupengf@xaut.edu.cn
mailto:E-mail:wupengf@xaut.edu.cn

HEXE-MRIEX

E£435 5

T2 A WBEOCHRKM . 2020 4F , Dedo %545 H If- 52
B B iE T — T A AR - 5 S BT AR R ARk
25 W25 RS 7 %, W OAM LS HEAT TAS # IR 31 .
2021 4F , Wang & HF 58 T — B 24 17 53 4 28 W 245 1
OAM Hi35 % 45 32 B0k |l ik 4 Fh 28 48 ] 45 40 T I ff
HOAM B, 20224F ,Fang % “HF9E T 2 T £ M F

AT O % 4 1 O AM A 25 i 52 B2 R, 38 3 AH ) T 5] 422
e £ 80 M5 B, Al —— XF Ry b i OAMAE . H ik 7
e 1A A T A E G R B OAM #E25 £, H H i % T 42 1)
RS p (A6 I i 2L, BT I AR SR H 35 ) 400 3 A8 Sl il

11 /2023 &£ 6 B/RFZ1R
] B 4 85 7 XL, R T LG, 20 5 LG {p,=0,1,2,3; L=
3,5,7,91 \LGL=0 5 LGL {p,=0,1,2,3;L,=—3,—5,
—7, =9t AT I E 0, v LLA B 32 4 AN [A] D' 5% 43 A
M2 A IR TE G o, IF FH 5 A6r Z 2 il ) 2 % L AT 4R .
W 32 2H 52 A 1 e 't TR AR 6 A ST A I 0GR A 4
32 2H B LG I 6 A, MUk IR S TR B 1 ] S v
AR b 3 A G Y A A A SRS I HA S O TR
SR p M1, Fe 2 WL ) 5 IR

2 HLATHIE

2 PG A% 1) B A X — A S HL LG i3 JiE G AT = Rl AL B8, H A iR 2R3k 0 1
ASCHR A —F AT OAMBUS AR MBS A BRI BRI IR
Il
[ 2p1 1 V2| —r? 2
E,f(r, 0,z)= | X X exp|—; L“‘ . X
Jr(p [N w(z) |w(z) w*(z) w*(2)
exp(—il0 )X eXp{Z(z‘:/i:“;{)} X exp{i(Zp—ﬁ—ZH— 1)tan l(iﬂ , (1)

PO TR TN 2 AEERIEE ;0(z)=
won) 14+ (2/2x ) AEEERSE, Ko w8 2= 0 B B o B

I
=

AW =ik X
I=|E,(r,0,2)] =( E;¢+E/—f)*conj(E;;+Ef—’)c (2)

Z / Ny o . / . =
AL - VR R R 2T, Y p=0 ), LI - ]=1; ARILEBLG, =5 LGy {p,=0,1,2,3; L=
2
k=27 /A HPR s me=mwi/A N E A EE ; (2p+1+1) - 7, 90 \LGLZV 5 LGLip,=0, 1, 2, 3; L=—3, —5,
P >/ M 4 Mg
tan ' (2/z) Ry i PHAR A o =7, =9t TEmM, AT LA E 322&%1}[1}5%5%/%%
AL E A LG I e 't A S il & ik, s 9 JEHOESR A A A TR
LG+LG] a5 LG+LG) . LG+LG] 0 LG+LG] i LG+LG;® i LG+LG,’ i LG+LG;' - LGo+LG,’ "
5 08 ° 08 ° 08 ° 08 ° 08 ° 08 ° 08 ° 058
0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
0 04 0 04 ogiees 04 0 #‘ 04 0 04 0 04 0 04 0 0.4
5 iy . o g 2 o g % 5 o 02
5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5
LG+LG} LG3+LG} LG+LG] LGJ+LG] LG+LG} LGJ+LG] LGJ+LG;" LG+LG;"
; 1 s 1 1 1 16 19 s i
0 04 04 0 04 O 04 O 04 0 0 04 O 04
& 3.2 5 8.2 & g.z r 8.2 & 3.2 r 8.2 r gz _ 8.2
E -5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5 5 0 5
2 LG+LG} LG+LG] LG+LG, LG+LG] LG+LG;" LG+LG;" LG+LG;’ LGi+LG,’
5 10 L0 10 L0 L0 L0 L0 1.0
0.8 0.8 08 08 08 08 08 08
0- ngg Ol H8:2 0. H gzg OH Hg:g 0' ngg 0' ngg OH ngg 0' ngi
" 8.2 " 8.2 " g.z " 8.2 " 842 " 8.2 & 8.2 " 8.2
-5 0 5 -5 0 5 -5 0 5 5 0 5 -5 0 5 5 0 5 5 0 5 5 0 5
LG+LG] LG:+LG LG +LG;] LGi+LG) LGJ+LG;® LG+LG; LGi+LG;' LG+LG;’
5 10 L0 5 10 L0 L0 10
0.8 0.8 08 08 08 08 0 8
0.6 0.6 0.6 0.6 0.6 0.6 0 6
g © 04 0 04 0 0 04 04 0 04 0 04
-5 8.2 i 8.2 5 _5 gz e (0)2 g.z e g.z o5
-5 0 5 -5 0 5 -5 0 5 0 -5 0 5 -5 0 5
2 /mm
BT 32415 4 et AL IR 735 4]
Fig. 1 Intensity distributions of 32 composite vortex beams
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Fig. 3 Intensity distributions of single LG vortex beams corresponding to 32 composite vortex beams
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Fig. 4 Gradually-changing-period gratings. (a) Gradually-changing-period grating in z-axis direction; (b) gradually-changing-period

grating in y-axis direction
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axis direction
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Fig. 7 Far-field diffraction pattern of L.G vortex beam passing through gradually-changing-period grating in y-axis direction. (a) LG

vortex beam |/,=+3, 2) ; (b) gradually-changing-period grating along y-axis; (c) far-field diffraction pattern; (d) +1 order
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Fig. 8 Far-field diffraction patterns corresponding to 32 single LG vortex beams passing through gradually-changing-period grating in y-

axis direction
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Abstract

Objective

With the advantages of high flexibility, high security, and large communication bandwidths, vortex beams

play an important role in many fields, such as quantum entanglement, spatial optical communications, particle

manipulation, and optical microscopy. In optical communication applications, the orbital angular momentums (OAMs) of

vortex beams can be used as a new encoding method for high-dimensional information encoding. This method can not only

achieve mode-division multiplexing and scale the capacity of optical communications but also improve the channel capacity

and spectral efficiency of optical communications. It thus provides a potential solution for future high-speed, high-
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capacity, and high-spectral-efficiency optical communication technologies. This study proposes an encoding method based

on OAM and radial modes for composite vortex beams. It uses a 5-bit binary sequence to encode the light intensity
distributions of 32 different composite vortex beams generated by the coaxial superposition of two vortex beams. The
topological charge and radial index of the incident vortex beam are detected by the proposed gradually-changing-period
gratings for decoding purposes. The research results of this study provide a theoretical basis for extending the applications

of the OAM modes of vortex beams in the encoding and decoding field.

Methods To generate large topological charges and make demodulation easier, this study proposes an optical
communication method and system featuring the encoding of composite vortex beams with spaced OAM modes.
Specifically, a Laguerre-Gaussian (L.G) vortex beam with fixed OAM and radial modes is coaxially superposed with an LG
vortex beam with four radial modes (p==0, 1, 2, 3) and eight equally spaced OAM modes (/==+3, +5, +7, +9) to
generate and further encode the light intensity distributions of 32 different composite vortex beams with a 5-bit binary
sequence. Then, Eq. (3) is used to convert the 32 composite vortex beams into 32 single LG vortex beams, which will
irradiate the proposed gradually-changing-period gratings in the x-axis and y-axis directions. The p and / of the single LG
vortex beams can be successfully detected by leveraging the far-field diffraction patterns of the gratings and then be used to

derive the composite vortex beams. In this way, the information can be decoded correctly.

Results and Discussions The light intensity distributions of the 32 composite vortex beams are shown in Fig. 1. The
results reveal multi-ring patterns in the light intensity distributions. The radius of each ring increases as the OAM mode |/,
rises, and the number of patterns in each ring is [/,— /). In addition, the number of rings in the light intensity distributions
increases with the radial mode p,, and the number of rings is p=max(p,, p,)+ 1. Figure 2 presents the encoding sequences
for the composite vortex beams shown in Fig. 1. According to Fig. 2, the corresponding encoding sequences for the
composite vortex beams LGiH+LG) - LGi+1LG,? are 00000-11111. Figure 3 illustrates the light intensity distributions of
the 32 single .G vortex beams converted by Eq. (3) from the composite vortex beams shown in Fig. 1. In Fig. 3, the
OAM value of a single LG vortex beam is the absolute value of the difference between the OAM values of the two
superposed beams, and the radial mode of a single LG vortex beam is the maximum value of the radial modes of the two
superposed beams. Figures 4(a) and 4(b) are the proposed gradually-changing-period gratings in the x-axis and y-axis
directions, respectively. Figure 4 indicates that the period changes gradually in the z-axis and y-axis directions,
respectively. A comparison between Figs. 5 and 7 suggests that when the beam passes through a gradually-changing-
period grating, its adjacent far-field diffraction sub-pattern has dark nodal lines. The number of the nodal lines is related to
the OAM value of the incident L.G vortex beam and satisfies Eq. (6). Moreover, the direction of the nodal lines is
determined by whether the OAM value of the incident .G vortex beam is positive or negative. Regarding the x-axis
gradually-changing-period grating, the nodal lines of the diffraction pattern at the — 1 diffraction order are from upper left
to lower right while those of the diffraction pattern at the + 1 diffraction order are from lower left to upper right when the /,
of the incident vortex beam is positive. In the case of the y-axis gradually-changing-period grating, the nodal lines of the
diffraction pattern at the — 1 diffraction order are horizontal while those of the diffraction pattern at the + 1 diffraction order
are vertical when the /, of the incident vortex beam is positive. Figures 6 and 8 show the 32 far-field diffraction patterns
produced after the 32 single LG vortex beams pass through the x-axis and y-axis gratings, respectively. The results
suggest that the far-field diffraction patterns can be used to successfully detect the parameters of the single LG vortex

beams for correct decoding without being affected by the increases in the OAM or radial modes.

Conclusions This study derives the expression of the intensity of each composite vortex beam generated by the coaxial
superposition of two LG vortex beams and uses a 5-bit binary sequence to encode the simulated light intensity distributions
of 32 different composite vortex beams. The far-field diffraction patterns of the x-axis and y-axis gradually-changing-period
gratings designed and proposed in this study can be used to successfully detect the parameters p and / of the single LG
vortex beams. The results show that a multi-ring pattern can be observed in the light intensity distributions. The number
of rings is p=max(p,, p,)+1, and the number of patterns in each ring is |/,—/,|. In addition, the proposed x-axis and y-axis
gradually-changing-period gratings can be utilized to successfully detect the parameters of the incident beams for correct

decoding without being affected by the radius of each ring or the number of rings in the light intensity distributions.

Key words physical optics; composite vortex beam; orbital angular momentum; radial mode; gradually-changing-period

grating; far-field diffraction pattern
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