#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 11 (2025) 114207

BB ILAS T AR R AR

7K ok & U

ET R

| 3% 290t

Tesa)  AARD EERED

1) (MR YR SEARSBE, (€ 071002)
2) (b HRFHFHEETRR, g 071003)
3) (FEdbr IR, AL B I IR EOR S 930, fR9E 071003)
(2025 4E 3 A 10 HYk#; 2025 4E 4 A 10 H B HEUH)

A SO ST T R FH B 4235 B R 42 i B LA =5 30 — Y (hypergeometric-Gaussian type-11, HyGG-I1) J6 3 78 iff
i P e N EE A BT, H R R A REB R G HyGG-T1 YR 76 1 i it P 15 18 2
wRIAK, WS 07 E AP T ARDGIRSEBOREG FER R S EOHE B A RN, IF 5K MESEN HyGG-ILEHR
VLR a5 R e W R M A R X L. WA TR R E S EI R EARWRE, B0 10 TR &
HyGG-IT 6 5 1) 8 B 1% i B B3 1 o0 A 45 SR B 8 i H R AR B 55 T LU HyGG-IT e R R A e —
T8 A% i BB 3 R 22 PN AR AR AN [R) A T M B e 1 TR SR R B DGR ) e K TR A BT e RO
£ AT R B WA X HyGG-TL G R W R AE A2 | 38 AT LU 3 50 50U F — 25 203 . 76 /N PR 0 &2 Bl B
2R RN R 34 T 22 AR SRR Vi i i A B v, T SR AR A R T LU B TE B B R E A RO Shis
/K- (Laguerre-Gaussian, LG) JCHAH b, MZH A RIE B p, AN R B AR LSS, HyGG-II 6 R {518
AR ELF. A SO R AE SR rT DO 4R & 2 T IR e G R MK N ELOLH(E Rtk Re et — e =%,

S LITFGIT —G, BAER, R, (A

PACS: 42.68.Xy, 42.25.Bs, 42.68.—w, 47.27.Gs
CSTR: 32037.14.aps.74.20250306

ARG HOCHR L, e o5 A P £ 5
7 (orbital angular momentum, OAM), Jf H i F
OAM HA TR Z 9 s IE A ANERS, AT LUJE A%,
TCRRAE 1) A R AR R ) O PR I i e DI PR RE AR DR
T 2 KA, = BUK T oG MR e oK. SR,
T T U A TR, 57 OAM AR e AR 7R
K H AR i s AN T sl B A2 30 B A B I, 7 A T T
AT OAM B[R AH B AR PR A B4 1261, AT S 3L
WAFPERE TR PRI, BFS0I di DA 0T s e s 7K
T A S e DA R B e B TR AR K R o4k

DOI: 10.7498/aps.74.20250306

DGR RGEMEREICN TR, NS A TEIZ T
BARGRTT I T R RIS TAE.

T WIS TE5E T 58 R i€ (perfect vortex,
PV) Y&l | Fi 35 /R-# 7 (Laguerre-Gaussian, LG)
Fed F L ZE/R 53T (Bessel-Gaussian, BG) YCHFE
) TR UL B SRR, I T 3 Fh
G AE A B U A% R R I ARE SR {5 T 7 1
XI5 5 A B P S0 R, T HAT F REERCR L
LM SRR 368 174 1 9T G R 2K A 0 v 7 4% i
FXT L3, S5 R, 3 HROGRTE KR E Y
JEHBT iR RE I FIHOG R BBl R ) ] AL T
IO, IE T SRR Ol A
DU P RE. Karimi 55 P /£ 2008 4F 42 i i) — Fif

*ER A RPIAES (S 62071180) FNATALA YEHF BA B = SN 364 (HibifE'S: 22567634H) ¥ B IYEL.

t iBfE1E#E . E-mail: zrx@hbu.edu.cn
T BIE1EE. E-mail: tacliu@ncepu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

114207-1


http://doi.org/10.7498/aps.74.20250306
https://cstr.cn/32037.14.aps.74.20250306
mailto:zrx@hbu.edu.cn
mailto:zrx@hbu.edu.cn
mailto:taoliu@ncepu.edu.cn
mailto:taoliu@ncepu.edu.cn
http://wulixb.iphy.ac.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 11 (2025) 114207

L AR e 257 28 2R 6 b ke D' -k LA e 2 — Y
(hypergeometric-Gaussian type-1I, HyGG-II) 5t
W, ISR TE T A B A BR B i il A
H, HyGG-I1 S EA B AR L BUE, B
[ A2 IS O, AR 1] 71 BBl 2 45 80T [ 00 {5
FIHAT N AL, 0K & BT SEIEN] HyGG-TT Y6
TAEHE K TP AR AR OCHRIE. JAh, REAE A 1 H]
REE TR RO ETERE WA RHIFE.
BT R, ASCE A HT Rotov I AL
RS R ELAT 6 A AR 3 T R AR A
ZJa HyGG-TI G i U 9 £ T8 A0 20k
2, R TEAE 0T 1A DG IR S EORTE i i S 4L
X R A HyGG-IL DGR B A = 1 52, (5] Bt
R HyGG-IDG R AR R £ HyGG-IIE R | LG
SR MFIEA T L, s R & HyGG-
I SGHE B DGR o3 A0 fif FE 1 SR AR B BN 5 T 2 4
SRAIR . AT 8 45 SRR S PRk T T4t S &
S EA — e R SRR R L

2 HEIRH

H T RSB Hy GG-11 Yo 1 P i
DL H ) A% i T R 11 S, AT S0 3 e 2R
B R REE PR R T HyGG-TIE R 138 (5 R4 1)
fRIEZS 1 AR A BN A R B 5 1%
FER MBS R TR, AR R T,
Hy G G-IT JE AR5 T 14 52 08 mT e o 1)

ro2 ro\ 7ol
Eo(ro.0.0) =exp (205 ) (20

x exp(imofo)1 F1  —L \m|+1-ﬁ (1)
plimobp )11 g 1o "wo? )

Hrf vy = |ro|, ro = (x,y) & VEF-T0_E A 4647
BRI 00 AN wo FANHIIR IR AT,
mo F& HyGG-TT Y6 K i OAM 15 %(; p & HyGG-
IOCHRAZS O ESEL, T HRIBIZOCR DR R A TR
H), p B A p > — |mo| . X p=0 i, HyGG-
IT YER TSRO 0 19 LG iwfieea 1. (1) =X
Iy (a,b; ¢) 2 A L] pRE, Hg 8 TT
fﬁﬂ\j [12]

(a), "

1Fi(a,b;c) = Z DREE

n=0 n

(2)

¥ (2) A (1) KZJE7R

E(rg,00,0) = exp (—r%/w%) (7"0/wo)‘m‘J|

exp(imobo).  (3)

Xi (—p/2), rg"

= (Imo| +1),, wi™n!

MR T A i E RSN, HyGG-11
TG i R AR BRI RIE AT LLRR R

E(’f’o,go,()) = E()(To,g(),()) exp (—i:ﬁ) 5 (4)
K, k=2m/ N BUE, NRBRK, FNREBE
Yy AERE.

MR8 B - FE R B ARy, W LA 3 20 R AR
B Z G HyGG-IIEHR (fRiFx N E & HyGG-11 )t
W) AR B A R RN

Efee (Ta 93 Z) =

i . ik
- exp(ikz) // E(ro,60,0)exp {g [7"(2)

+ 72— 2rgr cos(6 — (90)] }rodrodﬁm (5)

Hor, v R0 53 R EE R 2 Ak p il b AR
[i) F1J7 52 £ AR

B (4) SUUA (5) 3, IFRHINT R 2L 02

/27I exp [iuf; — iz cos(62 — 601)]d6,
0
=21 (—1)"J, (2) exp(iubs).

J(-) A WL FEIR ek, AT A

Eﬁee(r, 0, Z)

(6)

. ‘m0|+1k ikr2
= Gk exp(ikz) exp (12—7;) exp(imob)

2wqlmol

[mo|+14+2n

S (=p/2), 7
p> ]
= (Imol +1),  wg"n!

e 1 ik 4 ik\ o
P wa 2z 2f "o

X J‘m0|(%’ro)d’r0. (7)
N T A, 45 PRI L R B
xt (7) R

/ 2 exp(—By*)J, (vy)dy

0

v+
r(
_ ,yvﬂf(v+oc)/227'u71 2 )

I'(v+1)
UV+ o 2
x 15y <2 , U+ 1;—Zﬂ) . (8)

114207-2


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

Y 1B FE I Acta Phys.

Sin.

Vol. 74, No. 11 (2025) 114207

IRt (7) ATk s
Efree(1,0, 2)

. [mol+1 [mol
ik T
= - — I !
( 22) (wo) (Imol +1)

7.2
x exp(ikz) exp <1lc2r> exp(imo0)
z

i (=p/2), T'(jmo|+n+1)
ne=0 (|m0| + 1)n w%”n!ﬁ(|mo\+n+l)

k2T2
. _ _ 1 ik ik
S, T WIS B= - 5+ 5
HTF Rytov T BUFHE, £ HyGG-T1 YR 7E
VA T I P A 1 S AR R R
E(r,0,2) = Egee(r, 0, 2) exp [¥(r, 0, 2)], (10)
K (r, 0, 2) J& ARG R AR ).
FER P T, B4 HyGG-11 e AR OAM
Wi 2 A TEAR B, BER S - T b 1) 2 Bk
A IR A OAM #E Y Z i 13

x 1 Fy <|m0 +n+1,|mo|+1;

E(r,0,2) Z am (1, z) exp(imd), (11)

\ﬁ
Hrra,, (r, 2) HEMARE, HFERH

am(r, z) = %/ " E(r,0,z)exp(—imf)df. (12)

B (10) A (12) IR IR T R 25
S, AT LLHE AR 2 R A HyGG-TT G ) OAM
R 2%

(lam(r,2))

1 2n 2n
= — F E* !
o /O /O (r,0,2)E*(r, 0, 2)

x {exp [¥(r, 0, 2)] +exp [¥*(r, 0, 2)])
1 2n 2n .
— 271/0 /0 FErfiee(r, 0, 2) Egoo (1,0, 2)

x (exp [W(r,0,2)] +exp [T (r, 0, 2)])

X exp [—i (m — mo) (0 — 0)] d6de’.  (13)
— 2D FH I A R ) — YL 0, |
(exp [¥(r,0,2)] + exp [T*(r, 0, 2)])
~ exp _2r2—2r208s(6—9’) 7 (14)
Po
Forp po MR R 28 AR R, H kR 1)

po = éan‘Qz /OOO K3 (k) dr
= 8.705 x 1073k2(en) "V /3 2

x (1 —2.6057"" +7.00777?), (15)
K, b, (k) AT IS AT R D345, AR
FHH2 Nikishov #% ] [F] ¥4 47 5 238 Ty Z 5 450 41 (161,
kA AIR, e Ron BN R BIREFERLR, n R
it Ui N RUBE, X R K IR 5 2 FEHR, 0
TR 32 5 R B U Bl 5 B S 3R AR P A DTk 1)

Fb, TRIRR ISR BE UMk Lh SR AR 1
B (9) . (14) A (15) 4:&/\ (13) XJ5n] 15

(lam(r,2)")

L/ N\ 2(mol+1) N 2ol B
= on (22) (wo) I'(mol + 1)

p
S <*§)n L(jmo| +n+1)
0 (‘m0| + 1)n w02”n!ﬁ(\m0|+n+1)

k22 ?
4ﬁz2>

X exp {_Z;} /OQW/:Hexp[ —i(m—mg) (0 -0

X

X 1F1 <m0| +n 4+ ]., |m0| —+ ].;

+ M(f_e)} d6'dg. (16)
£o
PR — 2R A 22k 012
2n
/O exp [—ilyp1 + (cos (w1 — p2)]des
= 2mexp (—ilp2) I (C) (17)

X (16) AL, 7T ATS B F &) OAM K

BERE AT F ik 50N
(lam(r, 2)7)

k 2(|mo|+1) r 2|mo|
=2n(— — r )72
n(2z) (wo) (Imol + 1)

53 (=p/2), T(mol+n+1)
n=0 (|m0| + 1)n Wgn’n!ﬁ(‘mol-i-n—i-l)

k22
4Bz2>

X

xanmd+n+me+L

" < 272 > | (2r2 )
eXp - T 9 m—m BCE )
I *\ #p

HH, Lo, () FRH— B IE N 2R KL

114207-3


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

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 11 (2025)

114207

H T8RN R A HyGG-TT e AE 1 HE i i h %
R EIE A, B eT E MR AR, i
A (18) XY OAM FEHEREE, nIf5RE HyGG-
IT SEHR A

/000 <|am(r, z)|2>rdr
i /000 <|am/(r,z)|2>rdr

m/=—o0

E¢,[Wmmeww%aﬁwﬂmﬁﬁﬁﬁ

m%OAMﬁﬁﬁ@%%i,A s (r, 2) 2)rdr
SRR ) R RE

S 230 2 ekt oy 17

C = max [H (mg) — H (mg|m)], (20)
Hodr | (mo) AR, H (mo|m) S22, 7T LA
G p (m|mo) ST Bk S0
SEMER ) K R AN A OAM X, HAER LN mo €
[—N,N], 8 5 TR A HyGG-IL DGR e T
T i AR G A R AR A
1

2N +1

[ele] N
5> Z)pwmwh&Mmm@

m=—00 mg=—N

p(m|mo) = , (19)

C=log,(2N +1)+

N

—logy, Y p(m|m0)} (21)

mngN

3 BMETEAHN

R A5 7 T A PR R Y A S R 5 AR A B R
HyGG-ILE AR E 25 B R T 0F 5T, JF 5k
it H1E Ba i 115 T8 25 1 DA SO S LG OB (F B
TR AT, LSRR HyGG-IT DY o K
AL, JUEA R A E B AR A A R B 1R THAL
HBRAESI AN, AT Bl AR b Y 2%
SZHUWT: wo=4%x10"3m, my=1, p=2, f=
50m, A=532nm, 2=30m, ¢ =10"°m?/s3, n=
1073 m, x,=10""K?%s, 7= —3.

BB T ORNE K R R HyGG-11 )k
#LAER £ HyGG-1L AR LG Y6 15 18 25 1
CBEAERIR R -~ 197284k, 25 R 1 fos. /LG
P 3 P IDs T ' R ) 1 2 A e A e e R

VRIS, I ELE R AN 3 25 R X /) B e
45 5550k [6,7] HRE 945 FARDL. 72 A4 X R
G210 = i R R B A i S B R B K
/N, 28 AT BE po J8/0N, i 5 | S AR X R
AR, TR BUFEIE A RN, 5 LG A AL,
FEAH AL F R B T e A R 2355 HyGG-
I YEHR BRI 2 A B 2, X R HyGG-11
e B AP I TR . Beah, SR
FHER A HyGG-T R A (5 2 g Rl UL R,
A 1t A R 7 B A TR B A S ] AR
T 75 ar, (E5TE 25 5 (0 3 0 0 52 A% S B B B (24
K, 33X M G i i P SR A B N e 42
W fr B A AR TE A EA Tk, IR 1R AT &
FEAE— DAL E (20 30 m), AL BB
X5 TE 25 i G ACR . AR R A B AT
FE L RAR R B B R, R H AT HaE K
I ICE G LI A I B R R LA 1923,
JIT LA 3 o 8 IR a0 S Bl A R S8 5 LT 1%
A H.

4.6
‘Without focusing mirror
—0- HyGG-II, A = 532 nm
44 A HyGG-II, A = 488 nm
FER —0— HyGG-II, A =417 nm
E With focusing mirror
o 4.2} - HyGG-II, A = 532 nm
i ! —A- HyGG-II, A = 488 nm
8 S8Ry ~® HyGG-IL A =417 nm
g | 0
g 4.0
U.I
wn
Rl
o 3.8t
=
~  °r 2 RVaB2R,s b LG, A=488 nm
0 R o
| "$82885,
B
888044
3.4+
L L L L
0 30 60 90 120 150

z/m

Bl 1 R KT R & HyGG-IDEH | 4 4 HyGG-11 %
AN LG G 1) 7 18 75 s I A2 % B 2 1 8

Fig. 1. Variations of channel capacity with transmission dis-
tance for focused HyGG-II beam, unfocused HyGG-II beam,
and LG beam with different wavelengths.
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Fig. 2. Variations of channel capacity with transmission dis-
tance for unfocused HyGG-II beam and focused HyGG-II
beam with different focal lengths.
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Fig. 3. Normalized intensity distributions of focused HyGG-

IT beam with transmission distance.
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Fig. 4. Variations of channel capacity with transmission dis-
tance for focused HyGG-II beam, unfocused HyGG-1I beam,

and LG beam with different beam waists.
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Fig. 5. Variations of channel capacity with transmission dis-
tance for focused HyGG-II beam, unfocused HyGG-II beam,
and LG beam with different dissipation rates of kinetic en-

ergy per unit mass.
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Fig. 7. Variations of channel capacity with transmission dis-
tance for focused HyGG-II beam, unfocused HyGG-II beam,
and LG beam with different ratios of temperature and sali-

nity contributions.
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Channel capacity of focused hypergeometric-Gaussian
type-1I beams in ocean turbulence”
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Abstract

The channel capacity of the hypergeometric-Gaussian type-II (HyGG-II) beam propagating in ocean
turbulence is investigated in this work. A method of utilizing a focusing mirror to enhance the channel capacity
is further proposed. Comparison among focused HyGG-II beam, unfocused HyGG-II beam and Laguerre
Gaussian beam is also carried out. The results indicate that the employment of focusing mirrors is effective in
enhancing the channel capacity, however, the corresponding transmission distance range is restricted to about
100 m. Optimal enhancement is observed near the convergence point of the HyGG-II beam focused by mirrors.
By increasing the wavelength and adjusting the focal length of the focusing mirror or the waist radius of the

HyGG-II beam, the channel capacity can be further improved. Moreover, when the HyGG-II beam is
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transmitted in oceanic turbulence characterized by a smaller dissipation rate of kinetic energy per unit mass and
a larger dissipation rate of mean-squared temperature, the enhancement effect of the focusing mirrors on the
channel capacity is more pronounced. Compared with Laguerre Gaussian beams, HyGG-II beams exhibit
superior channel capacity at the same transmission distance, no matter whether focusing mirrors are used. The

findings can serve as a reference for designing underwater wireless optical communication systems based on the
HyGG-II-beam.

Keywords: hypergeometric-Gaussian type-II beam, focusing mirror, ocean turbulence, channel capacity
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