$£50% & 22H/2023 % 11 B/FEHNx

JE TGP A2 ) 1 5 A WUSE IR e ok 2l
AR R O VR M =

WX, 54%, LRA, BRE, 7R
SO T KA oo T B, 1178 R 030006

FEE M IR SR e AR A sh B R R SRR A EE PR — o ARSCIR I T — R TIRE N
82 A VLS IR o W0 8 6 AROK ST 5 I D A2 vk, AR e A5 0 i S5 R A i 8 . TR A IR0 8% 3 ok 2 3T AN TR
£ Bl W AR S TR B 40 A1 5 d O A 22 ) R WS 06 AR L L T Al R I R ER BT B2 AR AR 1, R AT R T 4
SO AR B . ELAE SRR, A A U SE R e 6 SRS [ I 5 T % i 1000 m I 280 AR 07 432 S5, Sl s AH 26
ZBOT R E 0.97 LU b 7E 58 I T & i 1500 m I A7 42 S F AN B 10 R4 N 2.43% i E &R
64.07 % o 275 1 %ot W A5 56 R LA o i A R B R 7, A bR o R T S A8 O A 7 B i L AT R B A2 R

J3 5 DT B v R SR LT Sy Bk A T R B T S

KR Ot Ea N BKEIDEH; KRR WY T MM

FESFESE TN929.12 XERFRERD A

1 7 5l

e E R B h i LE M sh & (OAM) ' Horp o/
R F F AT B, — PR R, T DLk AR A R B
WHC BT LR EBUE 2 AR L RO TR OAM 2 1] /4 1E
EPE L FH OAM & I H R g 10 35 £ 5 17 18 25 i A
R SR, B R TR AR B, 1RO A% i T
AN AT R Ao b SZ 45 RO e MR RE A 07 % EORN
OAM £ 2C [8] 8 40 45, IR AL i 15 U8 2 B Al D2 12 0
R RE . 5Tt FE S iR iEOGEF R g rh
T B T R A A A M AL

PGS I A SE KB, A IE DG EAME R SR
AR OAM {5 5 78 KA i /A% i A 1 328 =
EREAR L 15 N TN = BTl [V e s B 8
ZWIEAR, T TR R B S LA E 2. DAk BEE A
TR RE P K R ML A 20 R N TG A
2R . 2019 4F, I B A AR N A B A g B PG P
HURRAE , 8K I 88 3o 1 22 I 245 35 A5 1 R g A 358 JE e R B
2020 4F , 4% Je AR S T IR I B LRI 8 0 45 PR o
Hi R BRI T O AL i 20 m IS RO TR A7 . 2020 4F | fig
SCZAS SR G ARG f S AR T & 50 m, DB E TR E D
R I 725 30 THE ' AR5 R 0 A R AR O T i R AE B T
WA HLRF AR o 2022 47, 06 ZAS 85O AR A I8 A 1 S i
103 T3 6 RO ik L A TR B 22 0 S b I 4% 45 31 T 10

DOI: 10.3788/CJL221444

Wi JE ve 2K, R UL G R DR A B

ST S B O B A K S 4 A2 i e D' SR A
P BEAT A BB T T IR 2 T B IR E M 2%
AR 4 70 AR BTt T AR LB O 45 O FiT i ) 45 2t
A3 0 RA i WA A B Mo 12 I 24 0 g 78 Ol i PRI Sy
N 38 X R R AT 2 2T i T A A% A AL A
1, SR Ji K S AR A7 3 e 2 1] G 9 i A% (SLMD) Jin 28 2]
FECR B 5245 DU FE IR e i e DG AR b AT R i T 4
IO7AMEE o AR TR ) i SO0 T, B2 DU RO R 22
HIME2 5 DG AR O 28 B AR AR B A BIAR KR R o

2 PRI LA

21 EANEREREXRSHAPIER

AR ICE BT G I ZE R W (BG)YE R i &
R RRE o OR SRE E AR A A e O R B PR
BGOG A [Rh& hn, HZ AR i ik R

Ul(r, ﬁ)ZZ;QA\,‘J,(aI;r)eXp( ;;2>exp(ilﬁ),(1)

K AT T R EE— 2 DL IR IR R B a, T8
S8 w, I8 5 A B0 I A AR 50 40 B R i
A H AR ) S ORI A ) S8

KA T TE R s T AT B 45 T b A
# 1F non-Kolmogorov i it 5% B (1) £ filf 151 A 1 4% )
SPERECY, WAK(2),

W B 2022-11-22; f€EBEH. 2022-12-05; FAEHH . 2022-12-28; MEHEZHE . 2023-02-07

HEEWH: EHEAKP:E4(61805173)
WBEEE: “why 1221@126.com

2206002-1


https://dx.doi.org/10.3788/CJL221444
mailto:E-mail:why_1221@126.com
mailto:E-mail:why_1221@126.com

% 50% £ 22 #1/2023 £ 11 B/ E#*x

D, (k)=A(a)Cip* ——» 3<<a<4, (2)
[,uz(/cf-i—/cf)#— /cf—l—/c{f}
Hrfr,
_Ila—1) |=
Ala)= o sm[z (a 3)} , (3)
C2(h)=C2(0) exp (—h/100 )4 8.148 X 10~ 0?1 exp (— £/1000)+ 2.7 X 10~ % exp(—4/1500),  (4)

it':'j K0_4K/LO,L()%{%Y}2§,E(]9|‘RE,ICz_C((Z)/ZO,((Q/)_|:TCA((1)F<a2+ 5 )<a3+ 5 ):| ﬁ ,Z()ﬂq{ﬁ‘/)ﬁﬁgquﬁ

JE 5 R KA 45 10 5P 32 205 @ A non-Kolmogorov Jii it 51 2 33 75 %4, HVE Bl 3<Ta<<d; T () MM s ¢, .k,
Ko 53 N R 25 AL BUAE oy o2 T B A i s O 3R T i AT S R A M B, Bl A I i B AR AR T AR AR s Ao i

(m) ;v R ARRE(m/s) o

SE AR AL B R B R T R WA AN RUBE o A SRR A R AR T R i O A R R I e AR

femy ™ R R AN

Lo(h) =12 ; + ~t, h>>2000m -
=S 4 [ (h—8500)/2500] 1 +[ (A —7500)/2000] o 5
1.552, )<< 2000 m

A SCHE T RIAL R O AL T S5 BG i it R AE
R i A Al Y 5k B A AL R I R AN 1B R o A

L transmission distance L

P T rpoar LU ol T i 50, O SRR D' 5 A AR BE AL
EAR

)

Bl 1 &4 BGHAE KRR i 1%

Fig. 1 Composite BG beam propagation in atmospheric turbulence

2.2 HEACIRENM 2%
2.2.1 W%

& BURR 28 I 4% DL JH G BIAR T 8 1 4 AE 48 B AE
S )M T RG A KT EEET
B UM 2 W 25 T A A B2 B 4% (PhaNet) , T
PR AT WA AL, G0 & 2 BF 7R o PhaNet £ B 40 4%
TEERZ ARKREZ EREREZE 3ERER
a2

R TR AR AT b 3 R S L Y R E O R
512X 512 (1) 5% 3% P 5 A 21 2%, 4 57 W A8 S 5 1A
185 AR AL Z [ AL OC R o O T B AR R A o
P, SIS [) B 25 DA R AN [R) e 3 i 21 A T, 5% 2% 0
KHAT LRI D) R 7RG FUERAE ST T oRAE B
FIERAZ W, 1 i D) 26 ok AN [] RUJEE Jif 90 4R E 1) 412 B e
2) Ty S Bk 2= A5 A B X i 9 R AE 1] AR

PEATHRAE SR, P, 1< 1 5 AR S A 1) AR A0 I8 A
R 2 38 1, 30X 3 3 UGS iy A1 R AE 781 0 A7 R A $E B
T4 5 E |, Al P )2 5 A8 W] DLFE S B8 0 s B A A
0T U/ R R (1 A B A R, 3) 4 43 S Bk 2 A Bk B
TE R RBEZ G, LA B 5 B AR (04 BE ML 070 i )
25 MR SR B A B30 2 B R i, DA T 84 5 90 £ B AR AE
PEIUAE J1 o 4) ¥ I 4 BUR (A B 55 4% 3 5% 22 i B v
PEICH 18 SUAE B R A 48 5 45 R AL F e B
W 5 ' SR B R A R BCRE 7 o 5) i )2 SR AR AR £k
PR BOE R Tanh, DL &5 928 0 7000 4 68 ; BeUt 2 R
FH HE 1 70 26 P B0 5RO LeakRe LU, L 3kt 4 1 £5 9T 3E
T LA S B A% 28 s8R mlad /0N, [R) B ] fofF ) 5% 114 i 6
R R
2.2.2 ML

24 T R I AH A BE O IR BT 96000 1R

2206002-2



Conv Conv

Conv

residual
block

2 50% £ 22 #1/2023 £ 11 B/ E#

feature
combination

convolutional  deconvolution output
layer layer layer

& 2 PhaNet f#1
Fig. 2 PhaNet model

BG Ot B AE KA it o A% iy 1000 m A o B2 AR,
b, Y125 4 A 80000 I BT, i il 4 vh A 16000 i &1
1§, 3k 2425 0 FERIRHR B T 3 i 58 B (51077,
1X10° 7 . 5X10° " m **) 1 8 Fp 1 b far B 4l (4, L),
L=1{—4,—3,—2,—1,1,2,3.4},1L>4. H AMLHY
EHUE S H0n T - B0 8 R o 512 X512 15 5 FE B
1000 m, i i P A ROBE 43 5l R £,=0.0001 m Fl L,=
50 m, JEHRHIE R 0.02 m, EES B AS0m LK K
1550 nm. M 28 Il 25 Z B an F « 2% ALK £ Epoch
5000, #tt K /A 200, 2% 3 #4 0.01

WS SICRE 5 451 2 A1 2 4 DT X 4% A TR 5 1P 1Y) e
PEEE bR, R EHE 7E PhaNet A5 0 v iy i 8t 2% an 151 3
FER o MBS H AT LA HY - 461 2% il 4 5 DRkt i 3 i) s

3.0
2.5
201
2
Q 15F
-
1.0 | a: 100
y: 0.276964 2 4000
: 1000 : 0.00957521
05 &/ / ¥: 0.0348409 =
\«_&.J L 1
0 1000 2000 3000 4000 5000
Epoch

K3 IRk i 4

Fig. 3 Training set loss curve

P L AE 100 R AL A7 B G (B B 4 T B 5 2% 48 % 1000
U, #3218 [ 3] 0.0348409 ; 1 48 Z 4000 ¥k B, 41 26
M2k &8 T fE , K {5 0.00957521, ik BH T
PhaNet 155 7 H A5 %5 /55 19 70000 4 6 .
3 KA AN R
3.1 XKERmrnREmu

ECE R ES A LD R VAR I NS R S SN
S A A B o 3 AR SCHE Y PhaNet A5 1 35000 (1)
KA T A A B A0 [ 4 T R (F% B ES O 1000 m) .
B A e 58— AT SR A LAY AS [R]85 5 T B4 d A o2
Bt 58 AT AN [) i O 5 T PhaNet 455 3 7 0 49 i
T AL BE, BUSAE R O o0 A2 A A 5 55 = AT S AR 4L
it Ui FH 57 B -5 T00 i R AH 7 bR 2 22 . MK AR T L
WL FE = R i O SR T, TN i A L BE S B S i
AH AL B 2 22 AR /N, H ¥ 7 2% 43 3 oy 0.0577,0.0427 .
0.0369, %14 R H ZE A 1.5, a0, 78 A [ /1) i
TSR T, PhaNet A58 %0 35 H A5 AR 36 (%) 11 00 6 77 , 45 4
RS .
3.2 WBTHEAMAME

S T i — P B3 3L T PhaNet #5514 AT Wi 4%
VRN =50 NI ] B O o 0 2 O 9 N R 3 O LA N
RGN YRR W E SR . R A BGIGHRAIL#E %
1 A A Bl AL AR 7 B A DU 18 b oK A U 4 52 T R
G AIE 2 BS 43 o i, b 5y B 5O R 28 o P Al

2206002-3



% 50% £ 22 #1/2023 £ 11 B/ E#*x

turbulence intensity  C;'=5x 10" m*?

simulated turbulence
phase screen

predicted turbulence
phase screen

the difference between
the simulated and
predicted turbulence
phase screens

[ 4

C2=1x10"m™

C2=5x 10" m™®®

Intensity
1.2

A T i T TS ) ASE AL i A oz 5 45 T i O A A2

Fig. 4 Simulated and predicted turbulence phase screens under different turbulence intensities

CCD

BB: beam baffle

BS: beam splitter

CCD: charge-coupled device
SLM: spatial light modulator

&5

-
CCD

BB |

PhaNet

Wy 25 516 TR A5 T ]

Fig. 5 Distortion beam compensation model diagram

BB, # M if £ 288/ 1 5 B2 RS B CCD AR LA 3K 5 K
1 B9 5 58 43 A 1 B A PhaNet 468 80 rb BI AT 42 B0 O
G B B s BB N 2 SLM, 4ad BS /3 W 4%
ZJE W 55— GE ) 6 U o SLM 82 B KA i i 4K
M

2T ORI A BG G AU A [ i L 5 B N 15 4
AN TR FE B8 S5 1 R A It 80 g A L (o R A S Al Dl
A6 2 B AMEBOR P AT VAL . K6 2 A BGEIR
TE A [ it 0 98 B R A% 5 1000 m Ji f4 AR A7 4 B2 5 oK %&b
ft P . MIEL6(b) BT LA HY - Bl 3 i O % B 36
54 BGOGAAR AL 1Y 35 21 1 3G K, D' 5 R #C5E in W

I

W, 8RB FOR M EMRARE s & M AN R L B A
BG 56 A 04 i It 48 Bl K B2 /0N | 58 RE A3 A St B DR R
1 S ARAE o ACIEL 6 () T LU HY « DS it 300 21 55 it
T, L=4 LAl B i N 3.41% .3.54 % . 4.61% #b
£ 4 5 31 30.70%6 . 31.21 % .31.35% , 4,=10 Y #5% X 28
BE 4y N 6.09% .6.23% .6.30 % M4 # #1 64.68% .
65.45% .66.53% . ME 6(d) KL H : ,=10 5 KA
W Eb i L2 AT R O IOt B A OC R B4 il
0.4199.0.4596 ,0.5281 &£ & %] 0.97 LA I,
F7REZABGCGHEECI=1X10""m kX
it L R A% AN TR RS S R A IE B B . MR 7(a) L (D)

2206002-4



2023 £ 11 B/ E#

C2=5x 10" m™ C2=1x10®m™* C2=5x10"m™
(@)
after turbulence
after phase
compensation
source plane
© (@ 1.0

09k ——Cl=5x 10" m™*
: . ——C2=1x 10" m™
Turbulence Modepurify e 08F ——Cl=5x10™Mm™

intensity /m=" =4 after  1,=10 after [,=4 after phase [,=10 phase —e— (=5 x 10 m™3 compensation

turbulence turbulence compensation compensation 0.7} —e—C2=1x 10" m™ compensation
_13 —o—C,2=5 x 10 m™ compensation
5x 10 341 6.09 30.70 64.68 0.6 1,=10 -
1x10™" 3.54 6.23 31.21 65.45 g _
5x 107 4.61 6.30 31.35 66.53 04 ; - a

Intensity correlation coefficient

-4 -3 -2 -1 1 2 3 4
L
K6 4 BGOGHAEA [ i i 0 BT A% % 1000 m (19 AH 7 kb 22 5 AR A X o (a) P55 TN A 635 (b)) G5 LY 5 (o) B 28 B2 X L 5
(d) LB AR G BN L
Fig. 6 Compensated and uncompensated phases comparison of the composite BG beam propagating 1000 m under different turbulence
intensities. (a) Source plane composite beam; (b) beam intensity contrast diagram; (¢) mode purity comparison; (d) beam intensity

correlation coefficient comparison

L=500 m L=500 m

L=1500 m L=1500 m
after turbulence after phase compensation
©) 1.0
09+
() 0.8} —=— L=500m —e—L=500m compensation
—a— [=1500 m == L=1500 m compensation
Mode purity /% 0.7 1,=10
Transmission —o— —"

distance /m l,=4 after  [,=10 after [,=4 after phase [,=10 phase
turbulence turbulence compensation compensation

0.6 |

0.5

B~ 5 1 1 2 3 4

500 431 6.30 31.37 65.72
1500 3.50 2.43 30.65 64.07

Intensity correlation coefficient

7 5248 BGOGHRTE A Il T A% 5 A 1) BE 2 1 AR AL M 5 AR RMEEXT L IRT o (a) S 3800F 1L 5 (D) B2 B X L 5 (o) i AR O R B e
Fig. 7 Compensated and uncompensated phases comparison of the composite BG beam propagating different distances in atmospheric

turbulence. (a) Beam intensity contrast diagram; (b) mode purity comparison; (c) beam intensity correlation coefficient comparison

2206002-5



MRIEX

ATLLE I MR B 25 0, BE 25 1% i BE B 3mSR
VRO K T, e A R R AR B B ek . Bl
AL HHE B L O 500 m ¥4 in #] 1500 m, /=4 iy LK
4l B 4 )N 4,319 .3.50% #h % E 31.37% .30.55% ,
L,=10 Yy 1% 2 2l B 2 i A 6.30% . 2.43% #b £ =
65.72% .64.07% , L,=10 5 K [W i $h i £, B & W6 R
B ' 5 A 5& 2R 805 AN 0.6477 .0.3495 £ 1F 3] 0.9794 |
0.9268.

4 4 b7

KT PhaNet SR SC3 T X2 A BG G HR K
ST I RN P M T e X A ) R 7 I TR SR ) A
VEATRRAE B2 B, A4 Wy A O 5ik [R5 5 i 3 AR 82 =2 1) )
W S O 2R, AT A5CHR T T 52 M G B e A AL, SE BT
it R BE T A ARl OAM 2552 4 BG 6 o W A8 A A7 Y
M BT T TR G R A R BT PhaNet 45 Y
AR A BG AR AMERCR . BFR g5 R £, 2
G BGIGHTE A [Fl i U 38k B2 T A% 51 1000 m Y O 5 AH ¢
FBOnT R 2 0.97 DL b 78 5 3 3 L i 1500 m 6
SRAHE R AT OE 2 0.92 B b o A SCRT Y R 4%
TR ) B R SR 5 i, AT AR AR KR B R v T Ok
W AF B AT AR

& % X W

[1] FuSY, Zhai Y W, Zhou H, et al. Demonstration of free-space
one-to-many multicasting link from orbital angular momentum
encoding[J]. Optics Letters, 2019, 44(19): 4753-4756.

[2] TR, MbE, BT LT Gk R SPGD FE Y 1 TE 6 B T
W AL IE[T]. S 244, 2021, 41(6): 0601001,

Ma S J, Hao S Q, Zhao Q S. Wavefront distortion correction of
vortex beam based on improved SPGD algorithm[J]. Acta Optica
Sinica, 2021, 41(6): 0601001.

[3] =05, Hem, JUBR, & . M T GSMMIKEHkme B 2T
itk B AT T EEOE, 2013, 40(10): 1009001,

LiF, BiY, Kong X X, et al. An improved algorithm for multi-
plane reconstruction with Gerchberg-Saxton phase retrieval
algorithm[J]. Chinese Journal of Lasers, 2013, 40(10): 1009001.

[4] RenY X, Xie G D, Huang H, et al. Adaptive optics compensation
of multiple orbital angular momentum beams propagating through
emulated atmospheric turbulence[J]. Optics Letters, 2014, 39(10):
2845-2848.

[5] Fu S Y, Zhang S K, Wang T L, et al. Pre-turbulence
compensation of orbital angular momentum beams based on a
probe and the Gerchberg-Saxton algorithm[J]. Optics Letters,
2016, 41(14): 3185-3188.

[6] Zhang Y X, Cheng M J, Zhu Y, et al. Influence of atmospheric
turbulence on the transmission of orbital angular momentum for
Whittaker-Gaussian laser beams[J]. Optics Express, 2014, 22(18):
22101-22110.

[7] Wu G H, Tong C M, Cheng M J, et al. Superimposed orbital

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

2206002-6

% 50% £ 22 #1/2023 £ 11 B/ E#*x

angular momentum mode of multiple Hankel-Bessel beam
propagation in anisotropic non-Kolmogorov turbulence[J]. Chinese
Optics Letters, 2016, 14(8): 80102-80107.

Gregg P, Kristensen P, Ramachandran S. 13.4 km OAM state
propagation by recirculating fiber loop[J]. Optics Express, 2016, 24
(17): 18938-18947.

RAE BE, K, XIW AT R O A AL R IR Y T 2 ) T
RAULT] a2 4, 2021, 41(11): 1111001.

Zhao Y G, Dong B, Liu M, et al. Deep learning based
computational ghost imaging alleviating the effects of atmospheric
turbulence[J]. Acta Optica Sinica, 2021, 41(11): 1111001.

KT, BRIAR , MGESL, &5 . G2 > Bl Bl ) 2 5 0 3 e Ot
WM ELT] sz 2241, 2022, 42(14): 1426001,

Liu X L, Chen X D, Lin Z L, et al. Deep-learning-assisted
detection for topological charges of vortex beams through strong
scattering  medium[J]. Acta Sinica, 2022, 42(14):
1426001.

A, MR, B, S SR A B 4 N £ 1 K
TSR IE A SELT). TR IE#OE, 2021, 48(4): 0401018.

Ma S J, Hao S Q, Zhao Q S, et al. Atmospheric turbulence
intensity estimation based on deep convolutional neural networks
[J]. Chinese Journal of Lasers, 2021, 48(4): 0401018.

Liu J M, Wang P P, Zhang X K, et al. Deep learning based

atmospheric

Optica

turbulence  compensation for orbital angular

momentum beam distortion and communication[J].
Express, 2019, 27(12): 16671-16688.

Ma H M, Liu H Q, Qiao Y, et al. Numerical study of adaptive
optics compensation based on convolutional neural networks[J].
Optics Communications, 2019, 433: 283-289.

WA A, EARAR, W BEUEE, S BE TR A R 48 I 2K 1 K i
VAR OIS T ] PB4, 2020, 69(1): 014209,

Xu Q W, Wang P P, Zeng Z J, et al. Extracting atmospheric
turbulence phase using deep convolutional neural network[J]. Acta
Physica Sinica, 2020, 69(1): 014209.

Xiong W J, Wang P P, Cheng M L, et al. Convolutional neural

Optics

network based atmospheric turbulence compensation for optical
orbital angular momentum multiplexing[J]. Journal of Lightwave
Technology, 2020, 38(7): 1712-1721.

Zhao J, Meng F J, Li X Q, et al. Wavefront distortion correction
of superposed optical vortices based on deep multi-branch
compensation network[J]. Optics and Lasers in Engineering, 2022,
158: 107132.

SIRHE, RZAMK, Bk, AT GS TR 2 I 2R & ot
SRR T D7 9 (7). e fF HER, 2023, 47(3): 18-22.

JinZ X, Song ZY, ChenJ F, et al. Wavefront correction of multi
Bessel Gaussian beams based on GS algorithm[J].
Communication Technology, 2023, 47(3): 18-22.
TR, VR R SR, S5 AU X O A R ST RY S
[J]. JeF2=4, 2005, 34(12): 1850-1852.

Xing J B, Xu G L, Zhang X P, et al. Effect of the atmospheric
turbulence on laser communication system[J]. Acta Photonica
Sinica, 2005, 34(12): 1850-1852.

Toselli 1. Introducing the concept of anisotropy at different scales

Optical

for modeling optical turbulence[J]. Journal of the Optical Society of
America A, 2014, 31(8): 1868-1875.

DuW H, Yang Z Y, Jin Z, et al. Outer-scale effect of a Gaussian-
beam wave propagated through non-Kolmogorov turbulent
atmosphere on the beam wander[J]. Journal of Russian Laser

Research, 2020, 41(3): 278-284.



2 50% £ 22 #1/2023 £ 11 B/ E#

Atmospheric Turbulence Compensation Based on Deep Learning to Correct
Distorted Composite Bessel-Gaussian Beam

Du Qianqgian, Wei Hongyan , Shi Chenyin, Xue Xiaolei, Jia Peng
College of Optoelectronic Engineering, Taiyuan University of Technology, Taiyuan 030006, Shanxi, China

Abstract

Objective Atmospheric turbulence (AT) severely affects the transmission of vortex beams (VBs) transmitted in the atmosphere.
Wavefront distortion, coherence destruction, and orthogonality destruction of multiplexed VBs are the main effects of AT, which
directly increase crosstalk among channels and reduce communication performance. To improve the robustness of optical orbital
angular momentum (OAM) communications, considerable efforts have been made to effectively compensate for the phase distortion of
VBs. The adaptive optical method 1s widely used but requires multiple iterations and complicated hardware that is not affordable or
easily operated by most researchers, causing tremendous difficulties for further study. Recently, taking advantage of powerful signal
processing techniques, deep learning has been widely used in many fields such as image classification and optical communication,
providing researchers with a new approach for addressing these problems. In this study, we propose a novel method of AT
compensation based on a deep learning method to effectively correct the distorted composite Bessel-Gaussian (BG) vortex beam and

improve the robustness of OAM multiplexing communication.

Methods Using a deep learning method, we designed a new model called the phase extraction network (PhaNet), which combines a
residual network with a feature pyramid for AT phase extraction (Fig. 2). The PhaNet model can automatically learn the mapping
relationship between the intensity distribution of the distorted beam and the turbulence phase under different orbital angular momenta.
It contains seven convolutional layers, four residual layers, six deconvolution layers, and three feature fusion layers. A total of 96000
images of BG vortex beam intensity with a specified turbulence range were randomly generated, 80000 of which were used as training
data, with the remaining 16000 serving as test data. Following training with the loads of the studied samples, the PhaNet model was
used to directly predict AT phase screens based on the intensity distribution of the distorted composite BG vortex beam. The
turbulence phase can be compensated by loading a reverse-predicted phase into the received composite BG vortex beam. We then used
the AT compensation system as a physical model (Fig. 5) to study the AT effect compensation of a composite BG vortex beam by

mode purity and intensity correlation coefficient under different conditions of turbulence intensities and distances.

Results and Discussions To predict the entire turbulence phase, we successfully constructed the PhaNet model, which requires
the intensity distribution of the distorted beam as input. Comparison results (Fig. 3) show that in the 21-layer structure, the mean loss
significantly decreases, whereas the iterations show an inverse trend. When the number of iterations is 4000, the training loss reaches
a plateau at 0.00957521. Therefore, to ensure the effectiveness of the predicted results in the PhaNet model, we chose 80000 training
data and 4000 iterations as the training conditions. If better prediction performance is required, the amount of training data or number
of iterations must be further increased. However, increasing the number of input samples increases the computational cost and
lengthens the prediction time. To verify the generalization ability of the PhaNet model, we used the previously trained model to
perform turbulence compensation for the composite BG beam propagating under different conditions by changing the parameters of
turbulence (Fig. 6) and distances (Fig. 7), and we then analyzed the mode purity and intensity correlation coefficient. Under the
conditions in which the topological charges /,=4 and /,=10 propagate from strong to weak turbulence and the composite BG beam has
a 1000 m transmitting distance, the mode purity of /,=4 increases by approximately tenfold, from 3.41%, 3.54%, and 4.61% to
30.70%, 31.21%, and 31.35%, respectively, after compensation. Simultaneously, the mode purity of ,=10 shows a similar trend,
increasing remarkably from 6.09%, 6.23%, and 6.30% to 64.68%, 65.45%, and 66.53% , respectively, alter compensation. In
addition, the beam intensity correlation coefficient of /,=10 combined with different topological charges /, increases from 0.4199,
0.4596, and 0.5281 to 0.97 and greater. The mode purity of the composite BG beam (/,=4 and /,=10) at a propagation distance of
1500 m in strong turbulence are 3.50% and 2.43% respectively, which can be improved to 30.55% and 64.07%, respectively, after
compensation. The beam intensity correlation coefficient of /,=10 combined with different topological charges /, increases from
0.6477 and 0.3495 to 0.9794 and 0.9268, respectively.

Conclusions We propose an AT compensation scheme for a composite BG vortex beam based on a phase extraction network. The
compensation effect of the phase extraction network on a distorted composite BG vortex beam under different turbulence intensities
and propagation distances is numerically analyzed. The results show that after phase compensation, when the composite BG vortex
beam propagates 1000 m under different turbulence intensities, the intensity correlation coefficient can be increased to greater than
0.97, whereas the intensity correlation coefficient is improved to 0.9268 when the transmission distance increases to 1500 m under
strong turbulence. These results show that the PhaNet model possesses a good generalization ability for quickly and accurately
predicting the equivalent turbulent phase screen, even in unknown turbulence environments, and thus has great potential for
improving the performance of OAM communication.

Key words optics communications; composite Bessel-Gaussian beam; atmospheric turbulence; deep learning; phase compensation
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