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Abstract: On the basis of Gerchberg-Saxton (GS) algorithm and angular-spectrum theory, an improved wavefront phase
correction algorithm to the Laguerre-Gaussian (LG) beams was proposed for the orbital angular momentum-shift keying
(OAM-SK) modulation-based free space optical (FSO) communication system under weak atmospheric turbulence. The
light field distributions of the probe beam at transmitter and receiver were regarded as the input of the improved wave-
front phase correction algorithm. And the correction phase mask was iteratively calculated to correct the distorted LG
beams, thereby alleviating the inter-model crosstalk caused by atmospheric turbulence. Simulation results show that the
improved wavefront phase correction algorithm is superior to the conditional GS algorithm. And with the increase of the
refractive-index structure parameter, the bit error rate (BER) performance of the OAM-SK FSO communication system is
significantly improved.

Keywords: free space optical, orbital angular momentum, phase correction, angular-spectrum theory, bit error rate

E{HE AT S N G5 N 2 i LI 2
7 — Mo RIE RS B B, KRS TGS

H 25 (8618 1E (FSO, free space optical ) AR FERRAEA R % N RS F B AGIE R, T

PAFORA S8 w2, (RTDFE. PR Ty (i H5#
AR AN 5 B VF AT 45 R R AE T 42 I8 15 U o
fEEEM AL T BRI FSO Bk 15 S
HERE ST, WRICE IR T 2 FhER, i =AM,

ks HER: 2022-03-11; {&EIHEA: 2022-04-26
BIE1EE: £°F, pingwang@xidian.edu.cn

I FSO 1815 R G LR N 24 /T Jo 2kl
13 SURBF T R —

HE fAshE (OAM, orbital angular momentum)
FE— R . AT OAM 16 R I & B FR A

HEEWMB: EFXAARAREEHERITH (No.62071365); B H i R tHIZE SR BITH (No.2022GY-103)
Foundation Items: The National Natural Science Foundation of China (No.62071365), The Key Research and Development Pro-

gram of Shaanxi Province (N0.2022GY-103)



555 W

Zegests, FT AT IEH OAM-SK FSO i85 RS i L M AE i 5T <15

e, EAREAN exp(im@) , HA m IR,
W OAM #RE; 0 AT A AL
PRIE e, AALSE H HEEAHEL, OAM 7R FA
A TCRR A, DRI REAE AR AN Y ARG i T (0 175 L
A 38 7 B A B A R A5 BB R T
il A s S N EEZEE N Nt MY et = S T vl P E
WS B ERE, ARE 2 AN FEFR N R e G R
FrEAN 0. OAM Hi 2 22 1 LU AR5 5 53 3890 g
FeR M b, 256 OAM [ J0 PRABES ST B8 /=)
BRI A SR, E TR e AU A RIR I 45 4
HIRFER T, OAM-SK FSO {5 5 % 1) & itk g JUH:
S AE KB B R AL T T 2 A FEZE Rk —
I KB . ML LR Z BRI, OAM
FE B BT B 2 SRR FE AR R O
Ab, mB OAM JEH ELIREY OAM S o & IS S,
DRI RE e 3 e 240, R T 3] OAM MR
B — M B B TTERAE I RS, B RS
BN ORI e R B AR B, Ak
BRAEARAR, SRS Sk B S 7 AT A SR
B, TRRAImAMREE . KAHPRE. EAIMA
P51 e RS I Ze AL AR A, 51 G A
RrfIERsh, M SR CEEE 5 R s,
B ZAT FSO R4t &M e AL 5 TR B C i m
T, B, KA 2 IE R e G IR AE A B &
) AR OAM AR, T3 OAM A
Bl AR A R . BRIk, A S BR B F H fA
KA BUE 5 R EX OAM-SK FSO #15 #
NN

EEXT IR R, A SCERIRIE T 2 FAMETT R,
% AN £ % (MIMO, multiple-input mul-
tiple-output) ', 2 a] /3L Az i g1l
&, Bribz A, BIEREY (AO, adaptive optics)
W — K B I M iR T, 2R IRE R T
A5 FH 1A% HE ARG I £ 2 2% 516 3 20 AR I 7R 20
FEHEI T2 R 75 A 0 B AR A 7 1 38
AL RESS (WFS, wavefront sensor) 77 N+ WFS
') AO RGLFIE WFS 1] AO &4t. H 1, HT WFS
1 AO R4 — MK H Shack Hartmann 3% §if /& & 25 1F
NENEE, BREENEIRES. A, HT
OAM JE I E A ENEIR AT AL 4548, PRIk OAM
TER RN . Foh, RGHIE ] REAELE AR
HE AT E R Y, A, BERA
DUBR T — Tl R FH AR S R 3 AT U8 A A R AR A

T WES AO R4, 1% ARG 5 T AR 5
VRTINS AR 22, BT AN 75 BRI 38 A A K
&, MR T A0 RAEMIWTTH, BFIKT 24
HREE . (LRI A0 R4, GS
(Gerchberg-Saxton) Rk & T U ATAHAI K E 114
L. T, Ren PRI T —FIET GS 5k
PP ATAARR EHA, FHEHMNHT OAM EH
FSO @15 RGH, ARGEM 7 RG] A AL
WiAs, Bhfs, AATERH T —FhdET AO BB HIE: IE
FoAR, I 6 AR K A I 51 S R I T W
AR, BEI 3 AIAE 2 6 S2 I AI XA OAM-FSO #i% b
BEAT T ORTARS IE S22 S5 R0, Zad Ml kb
P JE KA A AR I R PR T 12 dB BA
b AT GS HIARTAL T IR AR RS s
( QPSK, quadrature phase shift keying ) i il [
OAM-FSO &5 RAMPLTHLIERE. TTHEH, K
U RTAR A R IET7 R B RGeS 3 1 9
SBIRTE A, Fu SRPTRT  EHR D AR A T AR
B2 ot b DUZE /RO I 7% . I pg st sl
FERNAMIE T8 [B] 5RO A7 BE SRR, %07 RN g A
% BE AT HLAG M AR R A AR b AR IEAE

Zr b, GS BVECA) iz H TR ie ot d sk
FAAL AR I T 2227, R bl Ll L 25
R REGE RN, BT B AF1E 2 A R 3 i/
18, 4K GS HiEA R RS, T HE i
SBT3 AR A7 R TE 4R T OAM-SK
FSO i#15 RGN RIGZNERE, A SCLE S5 KM K
R, T GS FIEMAIG RIS T — it
e AR RTABN R IR, . R BERE BT RR
A LG (Laguerre-Gaussian) 6 W& i A2 15 2
FE AR S AL By 10 5 140637 73 A A D st 1R i
AR IR, g — RAIREATHE G,
B TIAME FIABALFERE o AR5 d sk 2% (] ' 1 i) oK
REASE 9 5 %) L0 28k 381 Wy A ) £ i o't o R % A
KA A& 56 & B B2 o i Ja K et ()%
AR AR TE S8 T OAM-SK FSO J& 15 R4,
FHXP 1% R G R RS MR AT T I
1 OAM-FSO BE&R%frinr RIAK it
HE AIHE R E B A

1.1 EF A0 BY OAM-FSO BIERGEHMA R
K 145 THTF AO ) OAM-FSO 15 R 4uf%
BT RIMFE - ERETHUAL, KRG SR A1 OAM



c 16 s

¥k

43 %

B LG OCAGEAT IR R, I AT [ i 4,
—RIEE KRB iR, KRR
21 LG YEHR B sR BERA LRI IR, AT I B
FRAGHRUR AL AT AH SRR o AR [ 0D A%
ot Ao I U ds bR 2> KA T . BE T e
AR PRI 't AR D 50t 1D 30 e D't AR R AR AL AR IE
FERRN, AT R AME ARG IR . e
it o 2 8] D't A 1] 2 K A A7 94 R P P 9 o 2 ) ey A
ffEROE R b, g oK Ui SR &% LG
TR PRI 8] R e LS AR 7 I AE

oo R —
L A e ek I e K
S N
AR
fii
VN s [
e N bt | TR

E 1 #T AO 1 OAM-FSO ilif5 RGiALHh 7 R L

ASCH, RN AR AL HE R IR LG e,
2 LG YRR AL p = 0B, #7FKN TEMO1*
T, MFRATEIEH . A4 R TEMO1*)%
WAEAE PR 2 kb6 20 A B0

J
_ 21 [ pV2 _P
Unz(p’¢’z)_m0(z)|:w(z):| eXp|: (02(2):|

exp{_;l;gg)}xp[iw(z)]exp(—i’"@ M

E¢,%:%%ﬁﬁ,lﬁﬁ&;pﬁm%ﬁ%¢
W ARAT: o AR m IR HOIR M7

WFH OAM BRE:  w(2) = o, /1+(Zi}2 VaKERil

ﬁ%szG%ﬁm%%¥&,%:ﬁéﬁ%ﬂm

Bl, @, NARIENAR: R(z) AEHIFEES 2 Ab (A il
RAAR, w(z) NEFIEE z s A6 . B 2(a)
FE 2(b) 73 i T MR A 4 1 TEMO TS HRAE
PEAE PRI EERIARAE 2347, B 2(c) I 2(d) 7 Alea i T
T 9 4 1 TEMO TSGR AE 25 R &% 1 000 m /5
(o BRI AL 0 A . I 2 ATLAE . LG JeR i
TR 12 B8 AL S B B AR N g 3G, e A

BN BeAh, BTATHERN, LG YR AN 7
i B 2(b)HH 1 BLER R BCIRAZ R 2(d) TR etk o

-0.1 -0.1
20 . r 5
= =
= 0 10 s, 0 0
)
0.1 0 0.1

~0.1 0 0.1 0.1 0 0.1
x/m x/m
(a) JEIRAL AR A (b) YETELFAL AR

0.1 01
7
£
0 s £ o 0
01 : 0.1\\ =78 &
01 0 01 01 0 0l

x/m x/m
(c) EZEHI1 000 mjg Y (d) E=fEHi1 000 mf5H
g JBE 43 A FHBLSY

y/m

2 SRR 4 18 TEMO 156 3 F i B2 FIURE 47 25 A7

£ OAM-FSO #f5 R4+, EH M H OAM
TREISEE B .OAM 7208 OAM FJk A 1
AP T, W E T 7, |, FoRRIEE R AL B
FIE L], BTy, (m = n) RoRPETEER
(I BE B MAERS S 7 B Al OAM BRI EEA .

Noom WEVEHGEERR, n,.,,(m=n) " JEEANF
OAM fFiE 2 (R B LGN, BN
S VU
k;(”k—)n>
S.t. izw Do =1 (2)
Horr, ()RR T,
'uman = (u,:,l/l’:/) (3)

b @ut)=[[u"(p.0. 20" (p,0,2)pdpde, 1
Pre RN LB u) RN M m B eSS R
TENm G E PR B 2 e, u) Fox OAM
PN n B e R AE B S AR R 2 2 AT
H¥m. KT EAAFER RGN, HAERET
WAL E AT PR AR LIRS

Wmﬂh)={

1, m=n

4

0, m#n

Rk, 7

m—m

1.2 HKARRIEN R BRI EE X
SCHR[19)48 H T 55T GS Bk R VEANBE /04

=1, n,,,(m#zn)=0.



%58 Zegests, FT AT IEH OAM-SK FSO i85 RS i L M AE i 5T <17

ER T GS SRS BMEAA 2. ASCHE GS &
IR B, A5 AR SR T R
RECHRPBHTAHA AL IE S . 1B 3 45t T o i
T AP RT AL IE SRR «

WD F(k k) | WATER
i ——— i
AR R L )
""""""" ww
I Wk L
FFT ‘ IFFT J=0
: Y
e s | L s el |
%}Ei S xy.2) L o S xy.2) o akim
i | | o
HILY 0/ (ey2) [ CAE B, gl AC)
Ll ! @ L
5 I A
ASTF
T ] ASTF*
........... S S—
fPEEE jjm(xy,O) i /@0 i
e
: DR | ;
HIBLL ¢/(0.0) i Log/(xp0)
[ i U
AL 57

@ RMS< AR j >J,,
@ RMS>A Hmod(j.L)#0

@ RMS>A Hmod( j,L)=0

B3 St i RO SR AT AR (L I SRk A

SCIEE 1 R e S TR 8 BT AR A6 A% O SR B AR P
L S/

B WA 2 AN M 008 m F1 L LG
T, FRR AR B RO SRR BRI, EAT
WAL A3 N T, (0,0,0) KT, (p,0,0) 5 1
Ab, FIHEIRSIORZ A, ERIREL =0, BRI
VT k&GS Lo

HI 2 RN G AR AE G R 758 7 AR AE )
ABR RN RN ONTE B AR R R INEROR, &
HRE N U, (x,,0) F1U, (x,,0) 5 SRJEHG 2RI 6 AR
fERDEIRE M, FREMREIE b R AfE s, HEd
PRGN z ARSI G ¥ R A A8 s WA AL A SR )
WA AT RN U (x,y,2) » B4R BRI 6 SR AR B 3 e
1375853 A N

Uj(x,.2) = fi (&, 3. 2)exp[ 10/ (. 0,2) | (3)

H, £ (xp,2) o (x, v, 2) 20 0 4 65 28 AR '
IRAE B 38k (AR E 2o A A AR AL 23 AT o K 52 T T R
Wi PR DU S oA Dy St 1R 8 T AE A7 R TR B
LN

SR 3 FAEHO G R BE 5 AT B AR R
(MR FE 73 A, W j UGBS R TR WIaa R 16
SRR N

Uy (%, 3,2) = [} (5,3, 2)exp| i) (x,,2) | (6)
[](x,,2) =[O, (x,2,2) (7)
Hor, || VBUERIER: [ (x,,2) A1 @) (x, y,2) 73

WNEE jUGEARGE AR TG ' A7 I 3 _E W RE )
A AL 5347

S 4 RAGE M B ARSI R
WA T (x, v, 2) BE BT %

AU, (x.3.2)| = F (k. .k, 2)exp[ i ¥, (k,.k,.2) | (8)

Hrp, A PR R A, Fo(k,,ky,z) A
¥, (k. k,,2) 50 RIS UCGEACGERE a6 6 R AE
ST b W P 4y AT R A A 23 AT o SR 5 TE ATk b
Wiy A% A% iy 5 o (1) 0 5 43 A B B W0 46 Ol oK) I
vl

Uy, (kyok,2) =
FJ(k, k.2 exp| i, (k,.k,.2) ] )
' (koky2) = | #{T, v 2)l) (10)

S5 SRR RIS, Kb
WA A5 T, (K, k, , 2) 80 8
F Ny koky,2)} = £ (63, 2)expl i, (60,2 | (1)
Horfr, () R B G f (%, 2)
1! (x,y,2) SRS j UG RR ) b R E
ISR 0 FEE 5 A AR 3T 437

BE6 & IR IR % 1 R SR AR B
5, B

1
I

U, (k.k,,2)| -0, (k. .k,

M622201,14|J2}@
ZZ|U5,1(kx,ky,z)|

Hrr, Uy, (ko k,,2) B0, (K, k,,z) 573 R BT AR AL

B IE FI JG W46 Y6 I3 9 40 A e B AR 3

(12)



<18 W OE 5

i 43 %

BMRMS< AT j>J, » BIEIRGEIRERE
A B KR T, Rk,
AR ZEFFAFIIMLLAT @, (x, ,2) » AMEEIIARALAE
WA @' (x, v, 2) T RN A

qo’(x,y,z):¢’(x,y,z)—(p;+1(x,y,z) (13)

4 RMS > A Hmod(j,L)=0, mod(-) NEl 41
VERF, BUAREANE R 22 BE 264, BLPEIR AL j
N L PIEHR, FOPRR T,

4 RMS > A Hmod(j,L)#0, BIEIEA L%
VW E KM, HAGHIREL j A L WA Hes,
j=j+1, ¥LE3,

BB T ETOLBOEG AR A, R
JEVRAT AR A R0 AR ¥, AR R 2
Ak PRI G ' TR IR 3 8 o AT e 4 2R VR AR WU D' R
(¥13% 58 AT

AST” {U(;’jﬂ (x,y,z)} =
[ia(y,00expligh (6, 0,0)]  (14)

Heb, f1,06,0) il g, (x, 9,00 3 5R SR j UGEAR
S 5 o 21 6 5 TRE S U A R I FEE 4 A N AH 3% 43
fiis AST {U(x,y,2)} F3HRSAG U, p,2) i ik
fr1 34

AST{U(x,y,2)} =
FUAUGYHf2) (15)

Hlt,  H(f,, f,,z) NHAE LS R I IEHE

lfzm%ﬁﬁua

0

H(f.,f,,z) =exp(-ik,z) exp{

Sott, SRS, S B LS B

S E s SR CURAEAL i E SRR 5 20 A B Fot A
FIa SR AR EE 73 AT

Ty (6,0 = £, (x. 3,00 exp[ i), (x.3,0) |  (17)

1 (6,2,0)=[0,, (x,,0)

(18)

v, U, (x,,0) AHEDCHRAECIRAL K137 58 5347 .
FI] 8 HETOLBEE LR AL L, R
FEVRRATE AR M AGE T 30, R RTaR 6 RAE G

Kb B 375 53 A B e 22 LA AR BE 15 2 AL )37 5 0 A
AST{U, ,.,(x.»,0)} =
[ty Dexpligh (ny.2)]  (19)
Hr, AST{U(x,y,2)} s Ai Ux, v, z) K14
g, WERRA
AST{U(x,,0)} =
FHUAUG D H (S, f,.2))  (20)

R, H(f,, f,.2) NIABE AL R HL

i2n%z
kO

fﬁ(f;hﬁn2)=expﬁh@)exp{— (ff-kff)}(Zl)
IR P Y, SRR NN, KRFE

TEHRUK N L, IETTT, ZEE £ f, 735

AR TR

LI? LI?

2 ETUHRUERIMEMRIEE AR OAM-

SK FSO BIE R %158

OAM-SK FSO @15 24 L W& 4 frx, HA)
F OAM #ER KRG 05 Bt AT (5 B HAL 3 A0 M
HEHIAS TG, T2 M NAFR OAM iS5 2 XM
BBARIRAL S 58 M B, B {0,1,-,m -1},
5t a X R OAM #ER 1 o

Kl 4 OAM-SK FSO ifif5 R4iiife

%2R G S R A I R RS e A Bk v
FEAR LA N A OAM BN LG W . BEE
I KA IRAEIE, B A SCHE 0 Sk v A
AL RS HS B AL S R BT A M o I
J&, XTEPERTHALAME 5 A A AT iR, I
BB —HBET A ={g,(0).g (), . g, ()} - Frt



%58 Zegests, FT AT IEH OAM-SK FSO i85 RS i L M AE i 5T <19

B om IG5 RRN
& (t) = 77[](/)4)11;’ Pg + ﬁ(t) (22)

Sl PRAHIRE B %, ¢ RIAELRE,
() RAIHR 0, %0 o IITARE, |,
SN L, B AN A 1, 9 5 %
ST BB, SREIR OB (R 7 7
PZé/Z
257 23)
B RHCHLE ST, AR K
SR RHPRIOR S . PRI S TR N

Vsk =

a,() e {ifg, (= max[g; 0] (@4

3 HEFREMSHR

AHIXS LG YA 58 K a6 1 T A% farid
REEAT TR B, IR AR SCHR A (0 et (e i AR
PR IESFE A RANE AT TR . T, ST
WAHALREE, BT LG HIRTE FSO #Ei% L%
i, AR 10 MR, R

&S &E&&Ukwmm%i%ﬁu%m o &
GZHNR 1 iR,
x1 BRRGESY
SH LA H
A PK/nm 1550
L, SR m 20
A P RE/m 0.01
@, HIE42/m 0.016
z 4R B /m 1 000
L, ALK /m 03
2
5 45t T AR GBI C) =5%107" m 3

W, MR 4 10 LG YA AR GS Hik. ok
T U HI AR AR T SRV AR AN SR AR A6 A% T SRV
3758 A . I S(a)~B 5(c)rT LA 1, KRB
BIAALR IR BE RS A AR S5 OAM b
I AR RS . Ak, P S(a) R IR AR A P e
FREE S /)N, RIARSCHRE HH 1 ek e dpt m AR 87 A2 1R 5595
AT DA G b 27 A XS 7 R RE AL o

01 0 o0l o1 001 o1 oo
x/m x/m x/m

(a) RABHEMBERT  (b) RAGSHIL (c) ARRFMENAL
FAALAR IR Hy: PRIEH%:

K 5 AERDCHRAEA RGBS 375810

Kl 6 gt 1B 5 X R N AEHIDEIR OAM A
TR . Horh, BARERY OAM B, 9
BRI LG G AR R T A P T E . Bl 6
R DLEH, ARG EFER, OAM ZEi
K7 1, BN T HR AR T, BOE, RIS
fE4 LG R O ek B MRAES GS ik
e R T, ,, =0.1814 , R AT SCHE I AT
AIDIAR IEEVE R kA -, ,, = 04217, FHFHAERX
2 FPIEOL R, LG G I 3 A 735 i T AR AR S
(7 R DR, AT 2 B e 1% dp i A S A T B ]
DA S0 G Al R B M o SR FH eSO TE BV
WIEH LG YORE R Gk e B R FRAEAIERS, R
AIRD KRR AT Re e 2 Al . ik, Bl 5

I 6 FLFRIIGAE 7 A SCHE H ) ebeadk iRy air AR A AR IE
SVERIA .
0.6
—9— EJU&E’J?& B LA 1E 549%
0.5r —+—T%ﬁﬁﬁ&mﬁ&
04f i
s' 03f
02}
2N
0.1}
0
) 0 2 4 6 8 10
OAMAER %L

6 TEHIEHR OAM [T (AL i 25

B 7 P T RSB C? = 1107 m ?
I, FHAMATR 6 BRI 1 7, WG ETT
Kl P ESEIREL 500 70, SRMDEHR RGN 1.
Forr, B 7(a) R AR SCHRE H 1R cScsk P it w AR 87 482 1
Hik, B 70 RAfES GS Bk, B ()R
PR IR VL. B 7 FATLUEH, OAM )i
IR I E X [A][0.5,1] B 733 )9 458 385 Fl
163, H13RQ) T A1, 2 LG el =l F 7 KT 0.5 i,



«20 A

palll3

R 43 %

R AT W A o R AR A 6. B IK
Tore = 0.5 MENFIRTTBR, OAM DA KT
0.5 MIMEZERA, TUA& 4% OBk AT B B e Ui iR
Wle 3 MERITT R T OAM DhEFERE T AT 0.5
FISE IR 2 5N 0.916. 0.770 F1 0.326. s H1Ek
BH, AR SCHR A P Sk iR i AR A7 2 R BVEL TR 4t
1) GS ik, FEH a7 DUE RIS 5 A A R ) A%
GRS

200 200 200
150 150 150
B2 £y £y
100 & 100 &100
50 50 50
0 05 10 0 05 10 0 05 10

No—6 Ho—6 No—s
(a) BSCask it BT A 6L (b) GSHE: (c) ARAMML
FIER: IR
B 7 AT ETE

Pl 8 iyt T SR FH ek 1 Y8 AR AR IE VAR
LG s A% A1 5 D 28 T 0ok K] 7~ X8 B 417 5 A2 45
ZH C2 AR Z . Forfr, R A 30 41
N1, ARH LG Je R4 4 (2,46} , 17 FLIREL
100 k. AE 8 WTLAE R, 55 R AM T,
BEAE KA R A S H CE N, R RAE
P i 2 b 52 BRI I RE R I, BRLE LG g
WA T 2 TR s, HInharEoRm LG s
SRR R PR R SR AR T AN SR R AR AL AR IR B
2, R A SCHR IR S PR AR LA IE S
HARFEHBIMIE LG ezl K 1 1 P 5 {555
GERI . Rk, S HEENSH

Cr=1x107"" m 3 I, AR AR IEHIEN LG
R T A 8 g, =0.540 .
M,,,=0392. n,,,=0338; £dKIEE, LG ¥
R ZE 9 R 7~ BE 2wl 4 TH 2, , =0.916
N4,,=0836. 1, =0.663. @ LEAF LG M
FORH AL IE = ZE IR 7 )~ S8 W] LB, A i
TR RGN, BA AR IMG K LG AR A
TP M PR K . X R, i I o
ESCE PR I8 AR A A IE SRR MRS IE AR BB .
Sb, K 8 B R LA, ML T ET,
AN LG 6 IR PR R AE AL 24 A M 280K

1K 55 4 0 5870 B e 6 AR OR FE L AR ZS (1) g
BB %o BRAN, FRANME A ZE R, BRI H AR
E6 R 163 22 SO, NI BRI G R B AR
I Hh R B B e RS2 B AR (1) 63415 B
—o— o B RO BE HIH R IR 55 9%

— e 7] TSR 4 38 WA (AR TE B3

— A 1] B A I W RE AR TR B0

--0- - Il AR AR IE F%

- - %= - 1, AR IR AR IR 593
- -A-- N AR IEBE

0.8%.
A
tt \,!3‘ “Q I
;06 ‘K::“*\“ . "\\A\.
\\ ~~0_~~ 1
= A Teeen
<04 = *e o R T
AR T 4
- ol
AL e
02+t A----
. X101
0 0.5 1.0 15 2.0
Clim>

B8 REESDE R SERE THE C? A it

M FESLPR E s, PritREm S8
BEIR BT AR ARG, R 9 A T AR 44
AR AR IR TR TS R A S C AL
Hd. Bk, Bl 9(a) T ALdmt Ry 4,
BRIE TR 3R AT 4 {0,2,4,6,8} 5. & 9(b) A4
WA R 5, TRNEAR M {1,3,5,7,9}
B XA R AT, ASCHAT T 100 YA E AR,
FHEh T R G AL IE (1% s R R 08 R 1T )
LML i 9@, KA RN A 8
R E AR, FIEBCRAE R A 32
PR T 1P 3B o A% IE RO B U 1) R K 4 4 i
N2 IR, FLUGR AR A 4 R R,
BRI 0 1 6 BIHRIE IR . A EL T
=, MTRAINMTRT 4 FIENDEH, 30 A 2=
FRR, REIEZCRERAS B o ISR BT R
(17 BE 5 F) AH AR RS 5, BB I 1) TR e R
U 51 L 0 B A R AR LAY, K] LA I A S
UFo 5340, PR R 40 Haf 18] B T 4R U6 R Can
oA 0 AR 8. 15 2 AR 6 M4l e i
WAL IERCRD AT LAR B, 3 0 B/ R0 S B
KB RCR . FFEH, & o), @ittt
A FH A [ 3 A7 00 4000 6 SR PR A2 T R, AT B
PR PN



555 W

Zegests, FT AT IEH OAM-SK FSO i85 RS i L M AE i 5T <21

—o— /= OUCHERY e AT AR ALAE IE B3
—w— [ = 2B R A LB E 3535
—A— =AY A LR E 305
—— I = GG AP AR IE B0
—=— 1= 8GN I R LB IE 3%
- e - AR A G IR

08r

<

o
T
P

OAMZE R A+
<
IS

f=4
(8]
T

1 1 1 L Xlof]-l
0 0.4 0.8 1.2 1.6 2.0
Clim*

(a) m=4

—o— 1= IV RN IE FL%
e 1= SV BRI R I FL %
—a— 1= SECIE Y NOH R IE 2
—s— 1= THGIE R AT HIRORE E B3
—s— 1 = OB YL R MR IF L%
- k- - SR FHA BB IE 30

" L L L x10-1
0 0.4 0.8 12 1.6 2.0

C”Z/m ¥
(b) m=5
B9 ANEHRI S R4 A T 1o At e sh e ok R AR 0 th 2

K10 4 T AR REWSEC 44T,
SR FH e 14Dy Wi R 87 A I 5925 RN AS SR S AH B2 42 1E
HIEH OAM-SK FSO {5 KA NIRIGE, N T X
b, ARSGRZH T B2 %M~ OAM-SK FSO i#15
RAM R . BREIEE V3G S, L
B m e (3,4,5,6} 73552 X R . MG A 1 H 4
Wil 3, 3 BRR AN CE=1x10" m 3 |

2 2

Ix10" m 3. 1x10™ m * . ME 10 FH LLE H,

2

M2 =1x10"" m 3 if, AAIMHMESE OAM-SK FSO
HE R RIE R A BRI Rt m, HAK
i S E R R A AR B i R AR e . XN
3 S5 S HUBU N, OAM-SK FSO JlAE R4t
KGR RE LU, SERTHBORA R .

2 2
HRAE CP=1x10"" m 3 M C? =1x10" m 3 % fF
T, it ERTAHAAR IEJS I OAM-SK FSO J81{5 &
GURIDRERES 2 T AR . B, P80

2

EEE A 12 dB I, C2 =1x107° m 3 4/ F OAM-SK
2GRS R M 0.024 2 AL E] 0.007 7
2

C? =1x10™" m 3 %1 F OAM-SK FSO R4t iR
R 0.440 3 [FAKE] 0.048 6. ELELX = HARMIKL IE
i JE R 2 R TT LLR I, 4 KRS R i &
HURRINT,  SCE PR A AR A 1E R PR A TE R T
B

—— C=1x107 me* B3 BTA (LR TE S0
- - C2=1 10715 m 54 R R RCRR IE S0k
—a— C2=1 1075 m STGHEAY B BTHI AR IE 30%
--A--C=1x107 m 3 7R3 UM RERE IE B0
—8— =1 107" m G AY B BT SLAR IE 30k

0 2 4 6 8 0 12 14
F-H{E M L /dB
B 10 AS[A C? 464 F OAM-SK FSO 15 R S5 iRA0 1 fig

4 ZEFRIB

ACEFNT OAM-SK FSO {5 #2458, T GS &
A AT B, $R T — el S PR e JE O T IR R
MM IES VL. (EZE%F, ARG R E R
eI ATERSIN, SRIER A IERTHE A AL
FE AL IE AR (AR fn e o, AT Al KT 51 i
LR . AR, MBS GS Bk,
SR T AR AR IE BE R IE SR T 4, A skt
RIS AR OB AR . 328 LG YR ALE
SEGEZRG . A, MRSITH RGNS
BRI, 502k (A3 A AR AR TE AR5 ] LA S 25
RERGMRD R MR . AL TA/EN OAM-FSO i
BRGNIEA R T 5%,



DD e

5
o

1k

43 %

EEPEE

(1

(4]

(3]

(6]

(8]

(9]

[10]

(1]

[12]

[13]

JAMALI V, AJAM H, NAJAFI M, et al. Intelligent reflecting surface
assisted free-space optical communications[J]. IEEE Communications
Magazine, 2021, 59(10): 57-63.

YANG Q C, WANG T S, CHEN J D, et al. Transmission characters of
wide-spectrum OAM beam in tunable atmospheric turbulence[J]. Op-
tics Communications, 2021, 496: 127078.

ZHU L, WANG A D, DENG M L, et al. Free-space optical communi-
cation with quasi-ring Airy vortex beam under limited-size receiving
aperture and atmospheric turbulence[J]. Optics Express, 2021, 29(20):
32580-32590.

MAGIDI S, JABEENA A. Review on wavelength division multiplex-
ing free space optics[J]. Journal of Optical Communications, 2018:
doi.org/10.1515/joc-2017-097.

SAFI H, DARGAHI A, CHENG J L. Performance analysis of FSO
MIMO multiplexing links with beam wander and nonzero boresight
pointing errors[C]//Proceedings of 2019 16th Canadian Workshop on
Information Theory (CWIT). Piscataway: IEEE Press, 2019: 1-6.
ALLEN L, BEIJERSBERGEN M W, SPREEUW R J, et al. Orbital
angular momentum of light and the transformation of La-
guerre-Gaussian laser modes[J]. Physical Review A, Atomic, Molecu-
lar, and Optical Physics, 1992, 45(11): 8185-8189.

WANG W, WANG P, PANG W N, et al. Evolution properties and
spatial-mode UWOC performances of the perfect vortex beam subject
to oceanic turbulence[J]. IEEE Transactions on Communications, 2021,
69(11): 7647-7658.

YAO S Z, REN G B, SHEN Y, et al. Tunable orbital angular momen-
tum generation using all-fiber fused coupler[J]. IEEE Photonics Tech-
nology Letters, 2018, 30(1): 99-102.

GONG B, CAIS Y, XIAO Z Y, et al. Recognition of OAM state using
CNN based deep learning for OAM shift keying FSO system with
pointing error and limited receiving aperture[C]//Proceedings of 2021
Conference on Lasers and Electro-Optics (CLEO). Piscataway: IEEE
Press, 2021: 1-2.

PADGETT M J, MIATTO F M, LAVERY M P J, et al. Divergence of
an orbital-angular-momentum-carrying beam upon propagation[J].
New Journal of Physics, 2015, 17(2): 023011.

LI L, ZHANG R Z, LIAO P C, et al. Limited-size aperture effects in
an orbital-angular-momentum-multiplexed free-space optical data link
between a ground station and a retro-reflecting UAV[J]. Optics Com-
munications, 2019, 450: 241-245.

ZHOU M Y, ZHOU Y Q, WU G F, et al. Reducing the cross-talk
among different orbital angular momentum modes in turbulent atmos-
phere by using a focusing mirror[J]. Optics Express, 2019, 27(7):
10280-10287.

AMIRABADI M A, KAHAEI M H, NEZAMALHOSSENI S A. Low

[14]

[15]

[16

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

complexity deep learning algorithms for compensating atmospheric
turbulence in the free space optical communication system[J]. IET
Optoelectronics, 2021: doi.org/10.1049/0te2.12060.

LI L, ZHANG R Z, LIAO P C, et al. MIMO equalization to mitigate
turbulence in a 2-channel 40-gbit/s QPSK free-space optical 100-m
round-trip  orbital-angular-momentum-multiplexed link between a
ground station and a retro-reflecting UAV[C]//Proceedings of 2018
European Conference on Optical Communication (ECOC). Piscataway:
1IEEE Press, 2018: 1-3.

MEHRPOOR G R, SAFARI M, SCHMAUSS B. Free space optical
communication with spatial diversity based on orbital angular mo-
mentum of light[C]//Proceedings of 2015 4th International Workshop
on Optical Wireless Communications (IWOW). Piscataway: IEEE
Press, 2015: 78-82.

A, EIR, S, S ST IRBEG R Z I 2% 10 R
FHBLHEER[T]. PR, 2020, 69(1): 286-296.

XU Q W, WANG P P, ZENG Z J, et al. Extracting atmospheric turbu-
lence phase using deep convolutional neural network[J]. Acta Physica
Sinica, 2020, 69(1): 286-296.

SR, EUR, @23, A BRI B SR TR EBOR T
FUHE R (FFBHD 4 A5 Bk TR, 2021, 5009):
20210428-1-20210428-10.

ZHAN H C, WANG L, PENG Q, et al. Progress in adaptive optics
wavefront correction technology of vortex beam(Invited)[J]. Infrared
and Laser Engineering, 2021, 50(9): 20210428-1-20210428-10.

LIS H, CHEN S, GAO C Q, et al. Atmospheric turbulence compensa-
tion in orbital angular momentum communications: advances and
perspectives[J]. Optics Communications, 2018, 408: 68-81.

CHANG H, YIN X L, CUI X Z, et al. Adaptive optics compensation
of orbital angular momentum beams with a modified Ger-
chberg-Saxton-based phase retrieval algorithm[J]. Optics Communica-
tions, 2017, 405: 271-275.

CHANG H, YIN X L, YAO H P, et al. Low-complexity adaptive optics
aided orbital angular momentum based wireless communications[J].
IEEE Transactions on Vehicular Technology, 2021, 70(8): 7812-7824.
FU SY, WANG T L, ZHANG S K, et al. Non-probe compensation of
optical vortices carrying orbital angular momentum[J]. Photonics Re-
search, 2017, 5(3): 251.

ZHANG H, ZHENG W J, ZHENG G C, et al. Simultancous mea-
surement of orbital angular momentum spectra in a turbulent atmos
phere without probe beam compensation[J]. Optics Express, 2021,
29(19): 30666.

RENY X, HUANG H, YANG J Y, et al. Correction of phase distortion
of an OAM mode using GS algorithm based phase retriev-
al[C]//Proceedings of Conference on Lasers and Electro-Optics 2012.
Washington: OSA Publishing, 2012: 1-2.

REN Y X, XIE G D, HUANG H, et al. Adaptive optics compensation

of multiple orbital angular momentum beams propagating through



555 W

Zegests, FT AT IEH OAM-SK FSO i85 RS i L M AE i 5T <23

[25]

[26]

[27]

(28]

[29]

[30]

emulated atmospheric turbulence[J]. Optics Letters, 2014, 39(10):
2845-2848.

REN Y X, XIE G D, HUANG H, et al. Adaptive-optics-based simul-
taneous pre-and post-turbulence compensation of multiple orbit-
al-angular-momentum beams in a bidirectional free-space optical
link[J]. Optica, 2014, 1(6): 376-382.

ARIE, E4R, kg, & BT UTRIERIBOE M 3 E S HEE R
GUFUTIURTTE[]. A5 AAR, 2015, 36(10): 76-84.

ZOU L, WANG L, ZHANG S B, et al. Compensation of orbit-
al-angular-momentum multiplexed communication system with wa-
vefront correction[J]. Journal on Communications, 2015, 36(10):
76-84.

FU SY, WANG T L, ZHANG Z Y, et al. Pre-correction of distorted
Bessel-Gauss beams without wavefront detection[J]. Applied Physics
B, 2017, 123(12): 1-8.

YIN X L, CHANG H, CUI X Z, et al. Adaptive turbulence compensa-
tion with a hybrid input-output algorithm in orbital angular momen-
tum-based free-space optical communication[J]. Applied Optics, 2018,
57(26): 7644-7650.

ZHOU S T, ZHANG Q, GAO R, et al. High-accuracy atmospheric
turbulence compensation based on a Wirtinger flow algorithm in an
orbital angular momentum-free space optical communication sys-
tem[J]. Optics Communications, 2020, 477: 126322.

ANGUITA J A, NEIFELD M A, VASIC B V. Turbulence-induced
channel crosstalk in an orbital angular momentum-multiplexed

free-space optical link[J]. Applied Optics, 2008, 47(13): 2414-2429.

[E&E R

R (1997- O , &, BRAEEA, R
- TR R A, B R
wlw WL S KL

E¥F (1977- ), B, BRAFEZA, Ht,
P2 TR KRR . AT, +
BRI MO TCAOGIEAE . Al WG (E LA
MATRARIEES,

X (1986— ), 5, BRIGTGRA, LA TR
. BRI RN LOICEE .

BFEE (1996- ), &, WHLEM A, P92 T RHE K
+AE, EBEHIUTT ARG IELE .

FErE (1996— ), 2, illEH N, PEER TR
A, BEHIITTFIVK N LGB IR et
SR




	02-220117-N=.pdf

