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Abstract: To identify orbital angular momentum (OAM) with imbalanced label, a derived model based on
global cost SMOTE and deep extreme learning machine (DELM) has been proposed. Different from typical
machine learning methods, the proposed model can obtain the analytical expression of the mapping model. It
will avoid the repeated parameter optimization process, thus building a suitable model for time-varying en-

gineering applications. In the data generation stage, the inverse matrix of covariance is used to remove the di-
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mension influence, and the differences of the same sample set are measured effectively. In the model selec-
tion stage, considering the transmission characteristics of light signal in atmosphere turbulence, the DELM is
adopted to quantify the mapping relationship between light spots and labels. Then the FISTA algorithm helps
to calculate the analytical expression of the model. Experiments are carried out on different intensity atmo-
spheric turbulence data sets. The representative comparative methods include WELM and K-nearest neigh-
bor. Experimental results show that the root mean square error(RMSE) of the proposed method achieve 0.204 9
and 0.0894, which are superior to the comparison method under different turbulence intensities. It is proved
that the proposed method can fully explore the characteristics of OAM spot collection and has better recogni-

tion effect.

Key words: amosphere turbulence; orbital angular momentum; imbalanced data; deep extreme learning ma-

chine

1 31 &

S R T S AN T = =B TV 71 7/ =
R ) e N 3= 0 5 B N2 S =150 &Y =N
i 1 BT B, AUHES) Tt g ZR
SAFE Y R, BRSOk R A Hh— R 1k

TR L7 B AN A A T R RN, 5 HLE A
g5 (Orbital Angular Momentum, OAM) AR HEG:
WEA IEAS AT 73 B e A, 1T DL 4 il (5 4
MBS PR, BB EY. 7EH
H 25 DG E R Ge, KSm i S BOGE 5
MBI EERN R, 2 FBOLES HBDGERN
FR . CHREERS | A e sl Bk AR R E LD,
JUEE R T RO GE S RAE M TERERIRCE .
W, A IPA A it A A5 B M R, A 1L
AV OAM 73 (Al B HA 8 2 i B 2 SORY,
FHE

R T RO GIEE RS B N SE PR i i 4
P 25 0K B R 3 T B i, DABL AR
> AR B IR B 7 1k LA HORS Y bR BIGE T fig
T2 B T Tz N, Plass >l 1T
R SEIRAR LML OC R RAE . Jing SR T
— PP I T A AR 28 I 45 1 OAM U T ik, I X
JRA D FRHE A T RS, Fu S8 N3 THRET
TR B 2 I 2% TR A B8, 305 T A Rl
T T Z IR BE G AR MERE. Lou % ABFA
KA X v 9 it i O A 45 B 152 e, B
GBI T 2R3 KA U R R T E DR OAM 5K
B A% 1) S TR Zhou 25 A X 45 B ph 28 ) 4%

(CNN) #4717 FRI 2, DAZ 40 KRB PR 5T R
i OAM 12 BB, Wu % A8 o o 9 CNN-Trans-
former YA B SZI OAM WL, JF45 5 W4k T
WHRTE T BESTUIMER R, Zho S AR HDEHR
T a8 T RDOCRIHIE /1 sh i R ARES, I 20T 1 AR
PR, Zheng 558 AR T I HRIE TR
5 2) DY BIUIE fA s G AR AR A () I R,
IR 27 ) 1 07 RS E f s DGR, A
Z D T YNGR R, Zhow &8 AR U115
T AL R S Ui, T R AL AR ik A 2]
VGG-16 H1, DLHRFHE AT A [F]IR 25 8 i oA
A EAMERE, Chen 55 A 1 L1 I 7 5%,
RIE T HE A g s R, R 1A UE S 1Y
GeitorAn, RS A RCRAE I it i AL I GE AL
H AT LUE i, Al 2 Ik se A 50 OAM
B, OSBRI TR I 3. HIE
AN TR A5 5 T 7 ORI i A A 24 0, 3 i 51
R BRSO G AS S22 B AR 28 53 A1 AN P18 1 R
R, FEUPHCERMHAR R RR W HMEA S, ™
MU VERE

Bt A NS AR W 2 Ak BN 5
AR . B DB RFEHOR (Synthet-
ic Minority Oversampling Technique, SMOTE ) ']
MRz, 1% AT AR SR A B4 (A
B A FEA . Wang 25 Af SMOTE Fil Ada-
Boost JriEHAZE G, $i M A REA U SR T LA
JEBR'S, Zhang &5 A $2 H T &R Y08 T 4B 5 2%,
R BE 30 28 BE oR B E e, P T A TR A 2 Y
FEA G AR S — A 5t 22 0 2, A FR 27~
#L(Extreme Learning Machine, ELM ) M\ #&{& [ 2%



3 x ¥

THRFVE, 85 ARZE AT AT R e ARBNIE # 3h E R 3

JERZ TSGR, B WSGHE BT, BB 5E 5
(e 07, [RIEE, ELM BE 4% 35 BRI H 53 1 44,
FETHE BHFANRBOR, & T TR S, @42
PG S BOROCERE A RRE, D R FE i B 2
SJHLAT LASE B OAM it ek B8 ) A A 1), TR
JEEA BR 27 S LN AEAA |- 25 [t 22 I 2 S 85 Bt AL
P, pRe s 2% A IR 46 B9 {E 3575 (fast iterative shrink-
threshold algorithm, FISTA ) B8 5% BLAL 1] 9F 26 A5
RIS A, IR aA A0 B ) B FERRAE 53
AFASEAG 5540, X OAM 25 [A] AR 25 i) i Age 10 1)
P T A EOR, BT RS A AR D, A
R ARz AL e I ME LAk, (ARG TR TR 5 2L
R A i 5 B A R . R HOG A
oSG B, SR 2 DB AN TR L,
OGS RGMERE & TR

BT hR 2 P-4 2540 T 1 OAM ] [1]
B, ARSCHR T — R T2 R SMOTE FIE
FEM BRI R G . B 5, R 7 203
FERGE 2B B NN 52 ), A R0 £ T[] — SRR AR 1Y
250 SR )5, R DELM R AEEBERE AR FbR 25
Z [E BRI O 2R, DT HERR S A SCBEAN GRURAAIE, 3R
FHPRZE FVRHIE RO AT 2205, FJm 51 A FISTA ik
FE A S BRI R 27 T BIL I PR s e 8, A 1 A8
RUR gt B b [ 2 0 S8 2, (s 7Y 5 H
T AR o a6 A FR 2= I HIL (Weight-
ed Extreme Learning Machine, WELM) . k iz it 4
(k-Nearest Neighbor, KNN) St 4771, A SCHr
PEITIRAEI IR R 25 | G-mean S PEM 545 13
I HERAEE R

2 MAkFE#L

2.1 KSimniEie
KA IR RAE RS AT B,
KAV H H G & B CHA B TRATH R KRR
o ARHE Kolmogorov BSPY, Xt 4% 1n] [) 14 It
i, i3 D, (N A AR H
D,(r) = <[n(r+r1) —n(rl)]2> = Cirm, Iy <r <Ly,
(1
AT 5l Kolmogorov i BRIE 27 57 s B, [F]
o 2% T DL R A% 1) S P IR, H R Von
Karman s i, RikAh

exp (—«*/K;,)

11/6
(K2 + Ké)

Horp, ke z2 R, 1 UFE 0=k < ool il N AT,
K =5.92/ly, ko = 2n/ Ly C2HK, T WL ANGE
2.2 HRRFE IR

W B2 I WL AR |- 2% 8 — A & Tt i ik
PR, b A JZACE BEALE I, i 2 A
i M-P(Moore-Penrose) ]~ st B AFAE
NAFEARBE (e y)YL, o 2 ARG i REAS I RRAE
)i, y AR i MR R4, 7R AR
1, ELM AR EEA A A 1 ¢ &R LR

®, (k) = 0.033C2 2

L
yi= ) Bp(a, xi+by)i=1- N , (3

p=1

a, =[ay,ay, - aapN]T%ﬂbpﬁ%UﬂﬂﬁLﬁ/\Eiu (Y=
2 AL FURE, B, = [BoroBos- Byn] HkfH
JEALE, o () MEOE AL R T R, 2 (3) T
DAFR B T AR

Y=Hp , D)
e(a;-x+by) w(ar-x;+byp)
HrH = : :
plai-xy+b)) - @lag-xy+br) |,

M BR 2 > AL v 2 At B BEHLAE RS, Y =
i, v, ,yN]Tﬂ‘jﬁAUtH@%%, fay iR ALE B = (B,
Ba.--- Bl e E AT R ME— 24, ARRS

B=HY |, (5)
Hrb, HURHI M-P ) G5, 7T IFR N

H =(H'H) H . 6

3 A T4 ERKRHN SMOTE #4947 44
FR 52 3] HUAE A

AT TR 44 45 1Y) SMOTE-DELM J7
Beo T AL FE R A AR BE RE AN B B .
FERE A BB B, 38 A M B B AN
SR, AR T R —JSREAR S B 1 25 ks e A
RIBEPE B BL, RHT T IEAR AU IR 2% S MUY, 4



4 FEDEE (hgEso

FExE

TR ELM M4, SEIHZ KOG BEFIAE 6 OAM

PREERIARLANERGT . P T EHESR AN 1 PR

PRAEA A

#4—\%52

. .
@ | E
@i

fﬁ ELM

L1 {4

USRS

RAUIICHEREA G &

’%ﬁﬁﬂ%ﬁ%ﬁ‘

l I

1 AT ERESURE
Fig. 1 Schematic diagram of the proposed method

3.1 HIEERMER
T A USRS 2 B BT DB AEAR Y
Eﬁﬁfﬁ‘ﬁ?ﬁﬁ#ﬁ%ﬁ*ﬁﬁ%%%%% M A T
L2, AR SCHE A BEHLAR A B RAE T KR i it
*ﬁ TR 55 R AR A AR RO, 58

. 2p! | r\/z 11 272
Ri(rz)= n(p+|l|)!w(z)[w(2)] g [“’2(2)] [

H, pRAZMFEL, 0@ =w1+(/22), vk
W AR, zp = nwl /AR R i R FE B, 3K
L, (RRPa/R 2R BRI M, 6
5 S ] F— 20 2 2 T R

U, 2 =|U, () + U (e[, (9
Jr 4 7 8 o Z2 A AR A 5 A R R B P A
e, SEIL T R A A, Rk T

plig ()]
plip (r1)]

U(r) =F " [F [U (r)]-exp[Gl]ex
U(r)=F"'[F[U ()] exp[Gl]ex

U(ry) =F '[F LU -] -explGllexplid (7,,-1)],

(10
Hordr, U (ro) MGIRAEBOCH R EE, U (r), U ()5
FRMER ARG IR, U (r) KT
WV T G 9R E o F Rl B A8 e, 71 0k
M R, Sl 2R GERE R PR, 13 34
q&ﬁlﬁﬁfﬁzl-‘%PMN ={U;(r,)i=1,2,---N,M = mx
m}, I T SN ) OAM #R%s, Yy = i, y2,-+,
"o RERRROCCBE R R RAE 1] IR X Py =

P
w*(2) }

WOEPEREAR SR . EIRIEFRIAAIT

U,(r,o,z) = R/ (r,z)exp(ilp) D)

o, i BB, RN MR, exp (ilg) J
PIREL, AR 1M BEpRELR, (r, 2) PT AR KR D24

[—2(_’2]‘ - )}exp[z(2p+|ll+1)arctan( R)}
(8
[Py Py pMN] A5 B I 25 5L B 4R [P,
Yol ={(pupydle o B FAREEAELE W A 0 A A
SRR, 8 A Ok SMOTE J7 325 S B/ Bk
FEAS B A 8, DT 38 2 7 i A 2 AR A B B 1Y .
SMOTE 3 i 4 /iy 55 71 5 J 4B 3R f 2R APk 25
(] P AR A B S B AR, IR AUk aRA
X' =x+rand(0,1)X (X —x) (1
o, xR AR A o BB REAS, xRoR S5 52
i), 2R IZIHN BEABFEAR, rand (0,1) 378 A
0 2| 1 Z [Al A5 LERENLEL . Sl &R e 1k i 23 [l

B (& — x)if 1 5 G HE 28 (Mahalanobis Distance ) &£

-1
(2-x) = \/(fc—x)TZ(fc—x) :

Horr ) = E|Ce=0) (8= F)| A e b 1 52 46
B, 2 M 300 27 x F R Y8 (EL

Ly PRI 25 BB A 1) FH D 7 28 20 e gl e P 2 o

IR, HERRAR 52 AR OCHE T3, & F

12



3 x ¥

THRFVE, 85 ARZE AT AT R e ARBNIE # 3h E R 5

FIR AT — 73 A (AL AR fik 1) 2 S B o o e %o
YRTEAE R ERAE, W] U ROT- SR 3 A, S
T XK OAM FEA B A A o
3.2 RENEEMER

FE43 7% JEOGAR 5 18 KA it Hh i A% i R
FI TR EE ELM A4 #ERHE 1] 1 5 OAM BEAUhR %
ZISER o RIS B BR A% ST HLAE SR, Y
AR S T LAFATT b 2 Ay

Yy=HB=H B\B>---B; (13
/ﬁ\:':':', H= (H17H2»"'Hj,"'Hj)jflﬁ%ﬁ}%%ﬁﬁ,ﬁ =
(B1.Bas-+Bjo---Br) F i AL . H 2R th AUE
a;= [aj,l»aj,Za‘" ,a_,;L,]T%” T #% &= b;=1b;1,bj2,"-,
b T HS IR A5 IR S 2
FeUi)= , (75 22 )2 Wit R R RE S Sh R BURRAE 52
o BEARUROZ B9 R AT — 2 R (R E, T
TIRNH

H,=H,,B,, |, QY

Forh H 0 H - R 5 JIZ TR (- DJZ B
o YRTRHMERCY T —JZ A5 . BT — 2 G
ZW5E e, i R IR R AT DL i kAT
B N T HREZALRE DT, R BRUEUR A
AR Rt F bR ek 0 A i iR 22 45 TE D
ez iy MEIE K, TR

&=F(B)=argmin{CIHB - Yy +IBl,} . (15)

Horp, COMIENIAEZ R, RV i 1R 25 AR Y
W AR . T S B R SRS T, SR AT
LA B (E 5375 (FISTA) PO i b 432, ik
L1 PRI 6 E TG S Lipschitz 25 /4R, 7776 —A 1
2 T AR

IVe(B) =V <LplIB-5l;, YB.seR",

(16)
Horh, VAR T FAIZR 2 2R Rkl
I@Wﬁaﬁﬂ%%?ﬂwﬁw—iwu»ﬁ
B FR TR AMEIE R B
PL(s) =arg Hgn{g ($)+(B—s5,Vg(s)+

L
S B=sIE+ 1Bl ¥B.s R . (1T)

MBS I B — RGP K, [ 8 —4

JETE B PR X TR R 4% B A — A R,
Fel TN PN Y S R R R =

L) =aremin{ 58 (510, 976 ) + 161,
(18)

S T ARSI, TT LR J2 1 5 ¥ 1
1+ /1+46%

A REIE Y 8 K6, = -

3 WNIIECE]
TSR A

—1
Bj=PL(s;1) =PL(.3/'+(9:9> ) )(ﬁj—ﬁjl))

(19)
Zoid FIREAUPIR, AT EZ)E ELM K2
B Prig ik bR A T 2R PR.

®1 FHRAERREG
Tab.1 The pseudocode of proposed method

OB B B, AR (1) AT TR AR
Q)If(RAS B <PEIREALR);

(3) M= (12) 31 1 G B
BIFTREAS B REALE A hsample=[sample s];

(4)end;

(5)FIFH 2 )2 ELM M 25 K4 ZEAFAE [0] B S5 OAMABRZE K R
(6)WIha ik B bR R BT AR (15) il SR el
(7)I&E LipschitzZ& -9V BL R %L

(8)FI FHFISTAE AR it fg— 2 i HH Ao 5

(OF AR 19T LE AAE;

(10)3& [l 3 A A BT A B FOAMAE A THE

4 FRERLE

AR LIS A AT T PR R, RS
Hof = Fh 22 iy OAM FU sk EAT HE AR
4.1 HIRESE

R T BIEZ T A R, FEHUT 2000 K11
e e, U5 5 TP /R -m R, Jfi i £ 2
NS Kb N Wl Ry S B FA LUK v A
WE 2 fiis .

Kl 2(a) & (d) B~ T H4 OAM FIK ] OAM
R AR OO CBERB IO EEE . o T PPl i
TR A RO, AR T AR B SE, C2R %L
{E 51 1074 R11075 . FRICE] B3O e BE K14
et GRS, (R T OGRS B, A P
MIEIER /N 28 x 2818 K o X HLEHLAHIR 1000
AUNZREEATN 500 AN IRER AR AR i A
I GRFEA R, SE 10 kR %, B0 H 43 51k 52,
100, 130, 124, 119, 115, 102, 76, 113, 69, Lk



6 HE YRR (e Bx %
SEEPERRFEA 100 MR H{H . ZBEEFEALL *®2 REERE
ﬂ\j 803, ’/'\%@E#ZIK%’SZ%] 197, Z:Slz@ﬂ_gﬂﬂ 0.245, Tab.2 The confusion matrix
=N 2y N 130 T2 R
IEE%‘Z::F‘@I’H(:LA o EQ%%
Ef J 5]
EH TP (ELIEW) FN (f&/z 1)
] FP ({&IE) TN (EL/Z )

() A BURTOLEEE

(a) Single original laser spot

(b) PO LEE

(b) Single received laser spot

(c) ZERFUIRMOL LB

(d) ZEIEIHOL LR
(c) Multiplex original laser spot (d) Multiplex received laser spot
K2 oK
Fig. 2 Laser spot diagram

R A R IA—E 3] [-1,1] BRI . BARZ
2w/ (1P

-1, 200

Horb, xR F IR B, i A S BTARFAE B /)N
T, Xonax A Y HTRE R B B KA . Y20 B2 58
B, AL A AT o 28R
4.2 TN IEFRR

H ¥4 75 4R 1% 2% ( Root Mean Square Error,
RMSE) il G-mean 73 #7 14 Fh J5 & 00z AL VERE
RMSE ] DUR#E LN AT

, Q2D

Ho, y 25 i ANBRME, i =1, N, o ViR
TR RME, NAZNREEECH . G-mean 3 2
T TRVE R T

X AR RN BAREM,, RFRIAH

M,

e, "
G—mean:(nm] 5 (22)

i=1

G-mean 57, X 220 28dE I HERE AT

43 LWHER

AT R 20 IR SRR IE IS AT .
TEMSEER T, 8T 5 )2 Mm%, LG
2, 3 A2, i h )2, BRUZ M N g B
A1 100, 20, 20, ¥E#E T Sigmod bR U M i PR

sigmod (x) = f(x) = , (23>

1+e>

14 WELM. kNN Fl DNN /£ S %f He 77 8 .
B T ARE OAM #E2F iR ) 45 5%, Hop
PImARiR =R g SR 3 .

0.8

07}
0.6
@ 05f
=
204t
03}

021

WELM kNN DNN SMOTE-DELM
(a) (=10

WELM kNN
(b) C=10

B3 s A H 9 RMSE X e
Fig.3 Comparison chart of RMSE between the proposed

DNN SMOTE-DELM

method and other methods

ME 3T LLFE Y, 75 C2 =107 & 140 F
WELM. kNN, DNN FIASCF 8 71 19 34 75 i 1
243N 0.2864. 0.3435, 0.5657 Fil 0.2049; 7F
C2 = 107 B4R, JLF L i3 AR iR 2243 5]



3 x ¥

TR, S5 AREE AT AT K30 e e SROPUE Bl R 7

N

4 0.1000, 0.1095, 0.1183 F1 0.0894, A LI F
W, TR VA ) RMSE Y/ b vk, U H R
TE Jii it 1R B2 B, BT8R A 8K S 0t B 1
GRRFOR, W T TR T 2 B A B
VB TR 7 VA AR S 15 24T () OAM JEBEHUL G bR
B, NS 21z fetERe . dE—20 thidEp
J7i) G-mean, Q& 4 Frk:

0
WELM kNN DNN SMOTE-DELM
(a) C=107

WELM kNN
(b) C2=107"5

4 IR T AN 2 G-mean X LA

Fig. 4 Comparison chart of G-mean between the proposed

DNN SMOTE-DELM

method and other methods

ME 4 AT LR W, EC2 =100 &40 T,
WELM, kNN, DNN FI4< 3C 7 $2 77 7 ) G-mean
43914 0.8559. 07157, 0.6124 F10.9306; EC2 =
107524, B4 G-mean Y#43T T 1,
A3 sE] 0.9873, 0.9879. 0.9849, 0.9915, Firfe
D7k FERE B T SR AR, U0 BH T 7 vk g
% R DB FEAR A SRR B, A T 4K
KRR TR 2B S . Itk
R BIMERE, 118 ROC IR NA 5 R .

ME S AT LA, B4R D7 74 1) ROC i 2k i
151, VEHAH LT A v, BT i B A
PRTUMMERE . BERH T 7 7k BEAS A 00T A [R] 3
LR N Wi N (1B F U = B VAL i B g N
BOAR AR I A, AT A B B R LA R0CR

ﬁO.G-

0.4/
0314 —KNN
0.2} ~—~DNN
0.1 —SMOTE-DELM 1

0 02 04 06 038 1.0
[FORITES
(a) C=10"

ROC fhk

—WELM

—KNN
02F ~—DNN 1
0.1 ——SMOTE-DELM A
00 0.2 0.4 0.6 0.8 1.0
TRIER
(b) C3=107"

B 5 gk et i ROC #iZixt L
Fig. 5 Comparison chart of ROC curve between the pro-

posed method and other methods
TE P RHG BE 7 0 5 BEA T TH RS 5, 2% TR
J¥ ELM J7 ¥& FUIT 2 07 15 1) RMSE 2551, {4 fil 52
B RINER 3 PR .

=3 HRASEE
Tab.3 The ablation experiment

REEELM SMOTE-DELM
CcZ=10"1 0.2552 0.2049
ci=10"1 0.0924 0.0894

ATLAF ), 5 QHE 25 i3 A 2 P 1+
AR oA, WA IRE ELM 23 T B4
PIARR . #E— 20X B8 )5 L W s (8] 52 2= FE A 7
e, BRI A & J8 B 3 B A2 B O T A R,
DELM ¥ 27 540 H L, VA Rk it SMOTE &
e A BUREAS R ARIRBLT o PR 7 i i 5 2 i
FE TR I HIBRZEH, E N0 (NLY) . H
H, N R R IIZRREAR S H, SMOTE 53E 8 4 N
OWNT), et T = [1/IR], IR ATAEE . Lotk X
R RPN BT E 4 OWNL +
NT)o HTEASEA SN E, feigid H



8 FEDEE (hgEso

FExE

TN Bl 5T U5 0 &, SEBR N Ok
e B B TR R s

SERG AR, T B R AR
TUMRCR, 156 BH BT 42 77 V5 RE 0 B4R - EF TR A
itk SRAFAR I B A At , SE B T BT 4R 5 vk v
OAM HHIH AT ATk

WRITT k. HEGRPLE > JTTE AR, A3
PR IT L5 18 T /D BCRREA B A2 Ry R, M T
RIS IR BR =7 ST AR SRR, ISR A i R P A
TP A B . SRR WELM,
KNN ST R BT L, ARSI IA L T R4
Rz AL PERE, PIAI 5% T B G-mean {i AT DLk £

0.9306 #10.9915, UEBAFEE T EEXT A OAM

5 4 ® SRS A R . R, 224~ OAM PR i) 2
At TN T, BA RARY TR FHHHME, A
ASCHE T — R TAFH5 OAM MRSAL e RE MG R T 2555

S 3k

[1]  ARYA S, CHUNG Y H. A comprehensive survey on optical scattering communications: current research, new trends,
and future vision [J]. IEEE Communications Surveys & Tutorial, 2024, 26(2): 1446-1477.

[2] CHEN R, ZHOU J X, LONG W X, et al.. Hybrid circular array and Luneberg lens for long-distance OAM wireless
communications[J]. IEEE Transactions on Communications, 2023, 71(1): 485-497.

[3] YU H, YANG B W, HU H Y, et al.. Propagation characteristics of the vortex beam array through anisotropic non-
Kolmogorov maritime atmospheric turbulence[J]. Frontiers in Physics, 2023, 11: 1277132.

[4] LECUN Y, BENGIO Y, HINTON G. Deep learning[J]. Nature, 2015, 521(7553): 436-444.

[5] JING G Q, CHEN L ZH, WANG P P, et al.. Recognizing fractional orbital angular momentum using feed forward
neural network [J]. Results in Physics, 2021, 28: 104619.

[6] FU X, BAI Y H, YANG Y J. Measuring OAM by the hybrid scheme of interference and convolutional neural
network [J]. Optical Engineering, 2021, 60(6): 064109.

(7] 2z, HehB, RUK, . SR IOCHRTER i &5 P R 7E L], 8564, 2017, 10(6): 768-776.
LOU Y, CHEN CH Y, ZHAO Y W, et al.. Characteristics of Gaussian vortex beam in atmospheric turbulence
transmission [J]. Chinese Optics, 2017, 10(6): 768-776. (in Chinese).

[8] ZHOUHQ, WANG Y T, LI X, et al.. A deep learning approach for trustworthy high-fidelity computational holographic
orbital angular momentum communication[J]. Applied Physics Letters, 2021, 119(4): 044104.

[9] 2 ms%, 5t &z, & E3E, F. Yif CNN-Transformer 45 & A4 T ¥5 1 FILE A 2 B AS UM ik (1], k% $ 4R,
2024, 10: 1-17.
WU P F, JIA ZH Y, LEI S CH, et al.. A method for orbital angular momentum mode recognition employing an
enhanced CNN-transformer model integrated with double-slit interference[J]. Acta Optica Sinica, 2024, 10: 1-17. (&
R_EBOEL RIRBIAZEHE S, BN

[10] ZHU CH X, ZHOU X X, GUO G C, et al.. Simulating electrical fields in the orbital angular momentum space of
light[J]. Optics Express, 2022, 30(2): 972-985.

(1] Fpag, ERAR, x4 4, 5. IR 2 > Jrk iF s U M s Ol (1] ek 142, 2022, 49(6): 210409.
ZHENG CH H, WANG T SH, LIU ZH Q, et al.. Deep transfer learning method to identify orbital angular momentum
beams[J]. Opto-Electronic Engineering, 2022, 49(6): 210409. (in Chinese).

[12] R, Mo, T A, & B TERIIAUR R P0E M shit 2 B0 05 ik ). 30k 5 b b F 5 3t 2023,
60(23): 2306003.
ZHOU X, CHEN CH Y, YU HY, et al.. Orbital angular momentum multi-superposition identification method based on
attention mechanism [J]. Laser & Optoelectronics Progress, 2023, 60(23): 2306003. (in Chinese).

[13] CHEN CH Y, YANG H M. Characterizing the statistical distribution for transmission coefficient of turbulent optical
orbital-angular-momentum channels [J]. Optics Express, 2019, 27(20): 28968-28982.

[14] GONG CH L, GU L X. A novel SMOTE-based classification approach to online data imbalance problem[J].
Mathematical Problems in Engineering, 2016, 2016: 5685970.

[15] %K, &%), 7 &F, 5. Uik SMOTE (AP 8RR i I8k U]+ SELe A, 2019, 39(9): 2591-2596.


https://doi.org/10.1109/TCOMM.2022.3223697
https://doi.org/10.3389/fphy.2023.1277132
https://doi.org/10.1038/nature14539
https://doi.org/10.1016/j.rinp.2021.104619
https://doi.org/10.3788/co.20171006.0768
https://doi.org/10.3788/co.20171006.0768
https://doi.org/10.1063/5.0051132
https://doi.org/10.1364/OE.446276
https://doi.org/10.1364/OE.27.028968

5 x ] THRFVE, 85 ARZE AT AT R e ARBNIE # 3h E R 9

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

WANG ZH ZH, HUANG B, FANG ZH J, et al.. Improved SMOTE unbalanced data integration classification
algorithm[J]. Journal of Computer Applications, 2019, 39(9): 2591-2596. (in Chinese).

ZHANG A M, YU H L, HUAN ZH J, et al.. SMOTE-RANN: a hybrid re-sampling method based on SMOTE and
reverse k-nearest neighbors[J]. Information Sciences, 2022, 595: 70-88.

HUANG G, HUANG G B, SONG SH J, ef al.. Trends in extreme learning machines: a review [J]. Neural Networks,
2015, 61: 32-48.

YAN D Q, CHU Y H, ZHANG H Y, et al.. Information discriminative extreme learning machine [J]. Soft Computing,
2018, 22(2): 677-689.

YUHY,CHEN CHY, HU X J, et al.. An efficient recognition method for orbital angular momentum via adaptive deep
ELMI[J]. Sensors, 2023,23(21): 8737.

BECK A, TEBOULLE M. A fast iterative shrinkage-thresholding algorithm for linear inverse problems[J]. SIAM
Journal on Imaging Sciences, 2009, 2(1): 183-202.

DELGADO-VENCES F J, FLANDOLI F. A spectral-based numerical method for Kolmogorov equations in Hilbert
spaces [J]. Infinite Dimensional Analysis, Quantum Probability and Related Topics, 2016, 19(3): 1650020.

LAI J, WANG X D, XIANG Q, et al.. Multilayer discriminative extreme learning machine for classification[J].
International Journal of Machine Learning and Cybernetics, 2023, 14(6): 2111-2125.

MR, M AR, AR, . ORI 4 i B E S B B S AL (D). & %ets 3R, 2018, 30(6): 2133-
2143.

CHEN CH Y, YANG H M, REN B, ef al.. Modeling and computer simulation of numerical experiments on laser
propagation through atmospheric turbulence [J]. Journal of System Simulation, 2018, 30(6): 2133-2143. (in Chinese).
A0, FURE, AR, F. RO [ AR E R iSRS (1], SRR, 2022, 46(5): 708-712.
JIANG N, LI X Y, NIU CH H, et al.. Experimental study on the influence of atmospheric turbulence on laser spatial
transmission characteristics [J]. Laser Technology, 2022, 46(5): 708-712. (in Chinese).

EEEN:

TR (1989—), B, HMKFA, Wi, FENFIHFHLN AT e A& f @7 i A B L . E-mail:
custhaiyang@126.com


https://doi.org/10.1016/j.ins.2022.02.038
https://doi.org/10.1016/j.neunet.2014.10.001
https://doi.org/10.1007/s00500-016-2372-y
https://doi.org/10.3390/s23218737
https://doi.org/10.1137/080716542
https://doi.org/10.1137/080716542
https://doi.org/10.1142/S021902571650020X
https://doi.org/10.1007/s13042-022-01749-7
mailto:custhaiyang@126.com

	1 引　言
	2 相关理论
	2.1 大气湍流理论
	2.2 极限学习机理论

	3 基于全局代价SMOTE的衍生极限学习机模型
	3.1 数据生成阶段
	3.2 模型选择阶段

	4 实验结果与讨论
	4.1 数据集合
	4.2 评价指标
	4.3 实验结果

	5 结　论
	参考文献

