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We analyze the properties of a focused Laguerre—Gaussian (LG) beam propagating through anisotropic ocean turbu-
lence based on the Huygens—Fresnel principle. Under the Rytov approximation theory, we derive the analytical formula
of the channel capacity of the focused LG beam in the anisotropic ocean turbulence, and analyze the relationship between
the capacity and the light source parameters as well as the turbulent ocean parameters. It is found that the focusing mirror
can greatly enhance the channel capacity of the system at the geometric focal plane in oceanic turbulence. The results also
demonstrate that the communication link can obtain high channel capacity by adopting longer beam wavelength, greater
initial beam waist radius, and larger number of transmission channels. Further, the capacity of the system increases with the
decrease of the mean squared temperature dissipation rate, temperature-salinity contribution ratio and turbulence outer scale
factor, and with the increase of the kinetic energy dissipation rate per unit mass of fluid, turbulence inner scale factor and
anisotropy factor. Compared to a Hankel-Bessel beam with diffraction-free characteristics and unfocused LG beam, the
focused LG beam shows superior anti-turbulence interference properties, which provide a theoretical reference for research
and development of underwater optical communication links using focused LG beams.

Keywords: vortex beam, orbital angular momentum, focusing mirror, anisotropic turbulence
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1. Introduction

Owing to the orthogonality and completeness of orbital

(131 which could theoretically

angular momentum (OAM),
form an infinite-dimensional Hilbert space, there are an in-
finite number of quantum bit bases that can be loaded with
information. The carrier wave carrying OAM is often re-
ferred to as vortex beams that have a wide range of appli-
cations in optical tweezers, particle manipulation, and quan-
tum entanglement.!*” In particular, the efficiency and per-
formance of vortex beam-based communication systems can
be greatly improved in that the number of signal bits each
photon carries is logoN, ¥l where N is the number of OAM
modes that can be available for information mulplexing, which
is one of the research hotspots in the field of free-space optical
communication,*-1]

It is worth noting that there appears to be distortion of
the signal OAM mode and crosstalk between different en-
ergy states of adjacent OAM modes during the transmission
of the vortex beam in turbulent medium, reducing the chan-
nel capacity of the OAM information transmission system
severely, where the effect of refractive index fluctuation of

turbulent medium is crucial.l'>"14! Then, it is essential to

fCorresponding author. E-mail: xg-cgb@njupt.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad053c

take the influence of turbulent medium into account in de-
signs and applications of free-space optical communication
links, and the mitigation of the turbulence effect has aroused

U5-17] s one of

considerable interests. Adaptive optics (AO)
the effective methods to alleviating turbulence and the dis-
torted beam profile is measured to derive a sequential er-
ror correction pattern, which is then sent through a feedback
loop to the beam correction module to compensate for the
beam distortion in a typical AO system. In addition, special
beams with approximately non-diffracting properties, such as
Bessel-Gaussian beams,!!8] Hankel-Bessel beams (HB),!'!
Airy vortex beams,??! and Lommel-Gaussian beams,?! are
highly tolerant of turbulence and have been found to offer ad-
vantages over diffractive beams.

Recently, the application of the focused mirror method
for alleviating turbulence effects has attracted much attention
of researchers. Zhou et al. numerically simulated the prop-
agation characteristics of Gaussian vortex beams with mirror
and without the mirror in atmospheric turbulence and found
that the former could outperform significantly the latter under
the same turbulent environment.*?! Yan ez al. investigated the
crosstalk properties of focused vortex beams in atmospheric

turbulence combining theoretical derivation and phase screens
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and found that focused LG beam is more resistant to turbulent
interference than the unfocused one.!>3! Wang et al. explored
the focused mirror method and circular aperture method to re-
duce OAM crosstalk of LG beams in plasma turbulence and
demonstrated that the focused mirror method can be used to
mitigate the effects of OAM crosstalk from turbulence better
than the circular aperture one. 1241 Moreover, there are focused
annular vortex beams,?3! focused Bessel beams, %! and other
focused vortex beams that have high tolerance to turbulent in-
terference and potentially other properties. ]

Compared to transport media such as atmospheric turbu-
lence, oceanic turbulence is more complex and has a greater
impact on the vortex beams passing through it. We anticipate
that the performance of an LG beam with focusing mirror re-
sisting for turbulence will have great potential applications in
underwater wireless optical communication. In this paper, we
study the properties of a focusing LG beam propagating in
anisotropic ocean turbulence, and analyze the effect of the fo-
cusing mirror on reducing the interference of turbulent ocean
through analytical derivation and numerical simulation, so as
to provide useful theoretical support and reference for appli-
cations and development of underwater wireless optical com-
munication.

In this article, the mathematical model of channel capac-
ity based on a focused LG beam in anisotropic ocean turbu-
lence is established. Then, the properties of the focused LG
beam are studied numerically, including the influence of dif-
ferent light source parameters and oceanic turbulence parame-
ters on the beam channel capacity. In addition, a comparative
analysis is conducted on the system performance of underwa-
ter communication links with focused LG beams, unfocused

LG beams, and HB beams, respectively.

2. Theoretical derivation

The complex amplitude of the focused LG beam at the

initial plane can be expressed as?24]

Eo(p,0,0) = ({iﬁ)mowo (%)

o
X exp ( - Z;) exp ( - il;’;f) exp(imp0), (1)

where p and 0 represent the radial coordinate and the azimuth
angle of the initial plane, respectively, myg is the topological
charge, wy is the waist radius of the beam, p is the radial in-
dex, L}’

is the wave number, A4 is the wavelength, and f is the geomet-

(+) is the associated Laguerre polynomial, k = 27 /A

ric focal length of the focusing mirror.
Then, according to the Huygens—Fresnel integral expres-

sion, we can obtain the complex amplitude of the focused LG

beam at distance z in free space as

ik 2 oo
—gexpliks) [ [ Eo(p.6.0)

xexp{zk[r +p? 2rpcos((p79)]}pdpd6.
(2)

Substituting Eq. (1) into Eq. (2) and utilizing the following
[28,29]

Efree (l’, 0, Z) =

integral formulae:

21
/0 expling — ixcos(8 — @)]d@ = 27(—1)"J (x) exp(ind),
3)

and

| exp(=pan by L (ex)

Q) e (- L) () @

we can obtain

Etree(1,9,2) = —%CXP ikz) / / ( )
XL;"O(z )eXp(*ﬁ) p(img0)
0

xexp( il;?z)exp{lk[r +p?

—2rpcos(p — 9)]}pdpd6

i)™ exp(imo@)

con(B) [ () ew[ (s
B () ()

- Fntna-irmesn(40) (22)"

(a—c)? b? o b’c
X gmorpe1 P (_ %)Lp (4ac—4a2)

x exp(imo®), 5

.
= — —exp(iks)(—
27

where a = (- _’_7_&) b=l c—%
)

order Bessel founctlon of the ﬁrst kmd.

and J,,(-) is the nth

There appears to be the beam phase distortion during the
beam transmission in the seawater medium due to the distur-
bance of oceanic turbulence, which results in the dispersion of
the signal OAM mode and crosstalk between adjacent OAM
modes. The complex amplitude of the focused LG beam in

oceanic turbulence can be expressed as

E(r,(p,z) :Efrec(ra(Pvz)eXp[WI (rv(p7z)]a (6)

where v (r, @, z) represents the random complex phase distur-
bance caused by oceanic turbulence. From the superposition
theory of spiral harmonics, the complex amplitude of the beam
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at the receiving plane can be expressed as a superposition of
beams with different OAM modes:

~+o0
E(r’(p7z): Z am(nz)exp(im(p), (7)

where the coefficient a,,(r,z) is

1 2n )
am(raz) = E~/O E(r,(p,z) exp(—1m(p)d(p, (8)

where m denotes the topological charge corresponding to dif-
ferent OAM modes. By substituting Eq. (6) into Eq. (8) and
in view of the statistical ensemble average of the turbulence
{|am(r,2)|?) = {am(r,z)a%,(r,z)), the mode probability density
of the focused LG beam with a topological charge m in oceanic
turbulence is given as

1 2n 21w . ,
:m/() 0 Efl’ee(r’(p7z)Efree(rv(P7Z)

X <exp[ll/1(ra (P’Z) + Wf(r’ ¢/7Z)]>
x exp[—im(¢ —¢')]ded¢, ©)

(am(r,2)[)

where * denotes the complex conjugation. The ensemble av-

erage in Eq. (9) could be given by!!!

<eXP[‘V1 (ra (P,Z) + WI*(r’ (P/,Z)D
—[2r2 —2r%cos(p — ¢')] )
p; ’

where py is the transverse spatial coherence radius of a spher-

:exp( (10)

ical wave that can be expressed as
1 o0 —-1/2
po= 378 [ &Pou ] L an
0

here & is the anisotropy factor, k¥’ is the spatial frequency
and 0 < k¥’ < o0; @, (x’) represents the power spectrum of re-
fractive index fluctuations in anisotropic oceanic turbulence,

which can be expressed as[*"!

[1+Ci(K'19)*3) ('lp)*
47r(1<’21+1<§)”/6{e)(p[_ R2 }
(K'l)*1 1+¢ (K'l)*
e I8
(12)

Ou(K) =& PBA%xr

1
+rnge"P[—

where € is the kinetic energy dissipation rate per unit mass
of fluid ranging from 10710 m?/s> to 107" m%/s3, yxr is
the dissipation rate of the mean-squared temperature and
takes the value 1072 K?/s to 1071 K?/s; BB represents the
Obukhov—Corrsin constant taking the value 0.41, the value
of A is taken as 2.6 x 107* L/deg, C; is a free parameter
and takes the value of 5 in this study; ko = 1/Lo, lp and
Lo are the inner scale factor and outer scale factor of tur-
bulence, respectively; @ indicates the ratio of the contribu-
tion of temperature and salinity to the refractive index spec-
trum, which ranges from —5 to 0. Q is the nondimensional

constant, R; = v/3(W; — % + ﬁ)3/2Q—3/2 (j =T,S,TS),
' J

2 2
b P 2 L P

W= {[(Gﬁsz)z - W] 37 6BQ,Z]}IB, Prr and Pry
denote the Prandtl number of temperature and salinity respec-

: 2Pr1Pr,
tively, Pros = ProiP rss

. In unsteady stratified turbulence, { is
given as

I/=v(ol-1)/lol], |o]=1,
=< 1.85m|—0.85, 05<|@| <1, (13)
0.15|@|, |@| <0.5.

By substituting Eq. (12) into Eq. (11), after complicated inte-

gration, we can obtain

3 2
2 T —1/3ps2z-4 1/3 7 (ko)
P, = Z€ ﬁAé X U 2a73
0 62 T{KO ( 6" R2 )

+L1<”3U(2,%, (K"l")z)

02¢ R?
15; 5/3U<2,2,(K£;2)2)+Cl§/31< r()
033 ) v g
(3o (33
—aitn (Do (G5 S0 ag

where I'(+) is the gamma function, and U(-) is the confluent
hypergeometric function of the second kind.

Substituting Egs. (5), (10) and (14) into Eq. (9) and em-
ploying the integral formula?"!

/Mexp[fin(p +ixcos(0 — @)]de = 2nl,(x)exp(—inb),

’ (15)
we can obtain the mode probability density of focused LG
beam in oceanic turbulence with topological charge m as fol-

lows:
(lam(r,2)]?) Zf; (\2/3)(1:)’”0 2’6(;;2]1 lzexp(— ;)
<J () oo (oo ().
(16)

where I,,(+) is the n-order modified Bessel function of the first
kind.

Then, the probability of detecting beam mode at the re-
ceiving plane with topological charge m can be expressed as

& (jam(r,2) Py rdr

= I an(rn2) Pyrdr

n=—c J(O

P(m|mg) =

7)

where R is the aperture size of the receiver. The above equa-
tion represents the signal OAM mode detection probability if
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the received OAM mode m is equal to the transmitted sig-
nal mode my, otherwise it represents the crosstalk probability
when m # my.

Given the smooth discrete memoryless system proposed
by Shannon’s information theory, according to Eq. (18), the
channel capacity of the focused LG beam in oceanic turbu-
lence can be expressed as[3133]

C:r}gax[H(mo)—H(mMm)], (18)

mo
where H(mg) and H(mg | m) denote the source entropy and
conditional entropy, respectively, and can be expressed as

H(mg) = ZP mg)log P(mo), (19)
H(mgy | m) = ZZPmO (m | mp)
m myg

P(mo)P(m | my)

transmission channels in the oceanic communication sys-
tem. P(mp) denotes the probability of sending a topologi-
cal charge my, and P(m|mg) denotes the conditional proba-
bility of receiving topological charge of m(m # mg). Combin-
ing Eq. (18) with Eq. (20) and utilizing the Arimoto—Blahut
algorithm,*33! we can calculate the channel capacity of the

system based on the focused LG beam in oceanic turbulence.

3. Results and discussion

In this section, the channel capacity of the focused LG
beam in oceanic turbulence is analyzed by numerical simula-
tions using the analytical formulae derived in Section 2. Un-
less stated otherwise, the parameters selected in this paper are
A=532nm, @y =2x10"2m,p=0,e=10" m?>s3, yr =

x lo , (20)
£ Yoy P(mo)P(m | mo) 1078 K?%/s, Iy = 0.001 m, Lo = 10 m, Pry = 0.41, Prs = 700,
where my is the topological charge of the signal OAM mode @ = —4, { =2, N=11, R=3x10"2 m, f =200 m, and
varying from O to [,,, N = [, + 1 denotes the number of z=200m.
X103
5 6 T
) (al) (a2) (a3)

g’ + g° :

= = 4 1

g ’ 2z 3 \ | 0

g . 8 |
E £’ -
0 % 0 5 -
z (104 m)
0.4 g
(b2)

0.4, 0.3 2

Zos bo.s )

5 02 0.2 % 0.2 0
E 01 kel -1
0.0% -2

ot

200
z (m)

240

Fig. 1. Beam propagation in free space with my = 1: (a) intensity distribution and phase distribution of the focused LG beam with
f =1z="20m, (b) intensity distribution and phase distribution of the unfocused LG beam with z =20 m, (c) the focusing behavior of

the focused LG beam with f =200 m.

Figure 1 shows the intensity distribution, phase distribu-
tion and the focusing behavior of beams propagating in free
space with mp = 1. When the value of the geometric focal
length f is set to 4o, we can obtain numerical simulation re-
sults for the unfocused LG beam. Figures 1(a) and 1(b) show

the 3D intensity distribution and its cross lines (y = 0), to-

gether with the phase distribution of the focused LG beam
(the top line) and the unfocused LG beam (the bottom line)
transmitted at 20 m. As can be seen, comparing Figs. 1(a3)
and 1(b3), the focusing mirror causes the beam to produce a
phase burst of size & at the focal point. This phenomenon is

a property of geometrical optics whose physical mechanism
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originates from transverse spatial confinement, which intro-
duces a spread in the transverse momenta through the uncer-
tainty principle, and hence a shift in the expectation value of
the axial propagation constant.3%37] Furthermore, a compari-
son of the intensity distributions of two beams, as shown in the
left two columns of Figs. 1(a) and 1(b), indicates that during
transmission with a focusing mirror, its spatial confinement
effect on the beam will concentrate the size distributions in a
smaller region and significantly increase the beam intensity.
On the other hand, we calculate in Fig. 1(c) the focusing be-
havior of the focus LG beam near the geometric focus under
f =200 m in the x—z plane. Here f and f; represent the geo-
metric focal length and the actual focal length that correspond
to the geometric focus and actual focus in free space, respec-
tively. It is found that the intensity distribution of the focused
LG beam shows a clear evolutionary process of focusing first
and then diverging in the vicinity of focus. Meanwhile, the
position of the maximum intensity along the propagation di-
rection locates before the geometric focus, i.e., fy<f, and the
phenomenon that the actual focal plane does not coincide with

1381 Moreover, existing

the geometric focal plane is focal shift.
studies have shown that the size of focus shift increases with
the geometric focal length or the wavelength while decreases
with the waist radius. !

To learn about the influence of the focusing property on
the channel capacity near the focus point in oceanic turbu-
lence, we display in Fig. 2 the channel capacity versus z under
different A for the unfocused LG beam, as well as the focused
LG beam with the given value of f. From Figs. 2(a) and 2(b)
we can see that the channel capacity of both systems based on
these two beams initially decreases with a growing z because
the impact of turbulence on the beams becomes more signifi-
cant with the increment of z. As z further increases, this evolu-
tionary trend will continue to apply to the unfocused LG beam,
but not to the focused LG beam with a focusing mirror. For the
focused LG beam, it is clear from Figs. 2(a) and 2(b) that the
capacity of the system begins to increase to the maximum and
then decrease as z increases near the focus point. Notably, the
value point of z corresponding to the maximum channel capac-

ity is not exactly equal to the geometric focal length, but rather

precedes it, which appears much more evident for a larger f
with A fixed in comparison between Figs. 2(b) and 2(a). Also,
the difference mentioned above is more apparent with a larger
A in Fig. 2(b). Besides the influence arising from the oceanic
turbulence, the physical mechanism of this result is mainly
derived from the focal shift phenomenon of the focused LG
beams as shown in Fig. 1(c). Nevertheless, the channel ca-
pacity of the system can still achieve high optimization at the
geometric focal plane, as illustrated in Figs. 2(a) and 2(b), de-
spite the effect of focal shift on the position of the maximum
channel capacity in the vicinity of the focus, and z = f is set
mainly for the simulation and analysis in this paper.

One can also find from Fig. 2 that the longer the A, the
larger the system capacity because the beam with a longer A
has lower scintillation, thus bringing about a greater system
channel capacity. It is worth noting that when f takes dif-
ferent values, the modulation effect of different A on channel
capacity varies at the geometric focus, which is much more
evident in Fig. 2(b) than in Fig. 2(a). In Fig. 2(a), for the fo-
cused LG beams transmitting in the near field with short z,
even though the scintillation of beams with different A varies,
their Rayleigh distance is much larger than f thus the beams
all have better focusing effect, [26.391 then the interference of
scintillation on beam transmission can be neglected compared
to the focusing effect, so the capacity of beams with differ-
ent A tends to be the consistent. However, the focusing ef-
fect of beam gradually weakens with the increment of f, and
the influence of the light intensity flicker effect on the system
gradually surpasses that of the focusing effect. Therefore, as
the transmission distance further increases in the far field with
large z, the longer the A, the greater the capacity of the sys-
tem at the geometric focus as shown in Figs. 2(b) and 2(c).
In addition, obviously, the numerical results indicate superior
performance utilizing the focused LG beam compared to the
unfocused one on enhancing the channel capacity under the
same transmission conditions at z = f, due to the smaller beam
size as shown in Fig. 1 and less exposure to the turbulence thus
resulting in lower negative interference for using focused LG

beams.

2 1.6
0 50 100 150 200 250 300 350 400 0
z (m)

3.4 % (b) 34 }:
) hoa
3270 3.2
3 L\ *‘\L 3
3
ey B 28 Z 28
3 g 26 g 26
R e Q
] < 2.4 < 2.4
O 25— azarm (Foused LG beam) Soong O 2.2 | © 2.2
A=532nm (Foused LG beam) . :
——— A=632 am 2 2
—a-A=417 am) [N
A= am) fegs. 1.8 1.8
- - A=632.8nm (Unfoused LG beam) 16

100 200 300 400 500 600
z (m)

Fig. 2. The channel capacity of the unfocused LG beam, as well as the focused LG beam with (a) f =200 m, (b) f =600 m, (c) f =z
in oceanic turbulence versus transmission distance z under different wavelength A.

024208-5



Chin. Phys. B 33, 024208 (2024)

Figure 3 displays the channel capacity of the focused LG
beam with different waist radius @y in oceanic turbulence un-
der f =200 m versus z, as well as number of transmission
channels N at z =200 m. As is shown in Fig. 3(a), the chan-
nel capacity of the system under different @y decreases with
increasing z first, and then increases as z further increases, and
finally reaches the maximum before z locates at the geomet-
ric focus. Meanwhile, in the vicinity of focus, the larger the
ay of the focused LG beam, the greater the system channel
capacity, and the closer the maximum value position to the
geometric focus. This is due to the fact that the Rayleigh dis-
tance increases with the increase of @y, bringing about better
focusing effect hence higher channel capacity of the commu-
nication link. At the same time, the larger the @y, the smaller
the focal shift of the beam is, so the consistency between the
position of the maximum channel capacity and the geometric
focus is higher. On the other hand, Fig. 3(b) indicates that for
given @y, with the increase of N, the more channels the system
has to transmit information, the larger the channel capacity is.

3.4 3.5
AN (a) @

3.2r%
3 2.5
> >
=28 =2
g 2.6 3
& 2'4 E
o ' O
2.2r°
2 0.5}
1.8 = o8
0 150 200 250 300 1 2 3 4 5 6 7 8 9 1011
z (m) OAM mode number N

Fig. 3. The channel capacity of the focused LG beam with different
waist radius @y in oceanic turbulence under f =200 m versus (a) trans-
mission distance z, as well as (b) number of transmission channels N at
z=200 m.

3.4
3.5
3.4 3.3
g 3.3
Q
8 32 3.2
[}
O 3.1
3
3.1
2.9

13?\\ //4//2
5(10\50262 T 6 /%Kz[s\ 3
7z 3 10 < OO
Fig. 4. The channel capacity of the focused LG beam for different dis-
sipation rate of mean-squared temperature )7 and dissipation rate € of
kinetic energy per unit mass of fluid.

Figure 4 shows the effect of the dissipation rate of the
mean-squared temperature ) and the dissipation rate of the
kinetic energy per unit mass of fluid € on the channel capacity
of the beam. As yr and € mount, the channel capacity dimin-
ishes and increases respectively in that the turbulent intensity

of seawater ascends as Y7 increases and € decreases, magni-

fying the distortion of the OAM mode wavefront caused by
oceanic turbulence, which reduces the channel capacity.

Figure 5 illustrates the effect of the inner scale factor /g
and the outer scale factor Ly on the beam channel capacity.
The increase of [y and the decrease of Ly augment the channel
capacity. Based on oceanic turbulence theory, the turbulence
with larger [y induces less significant beam scattering effect.
A smaller Ly of the turbulence micrifies the random deflection
of the beam propagation path and consequently the beam drift,
resulting in less wavefront propagation distortion and greater
channel capacity, but the effect of the outer scale is not so no-
table.
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Fig. 5. The channel capacity of the focused LG beam for different inner
scale factor [y and outer scale factor L.
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Fig. 6. The channel capacity of the focused LG beam for different
anisotropy factor & and temperature-salinity contribution ratio @.

Figure 6 demonstrates the impact of anisotropy factor &
and temperature-salinity contribution ratio @ on the channel
capacity of the focused LG beam. The channel capacity wanes
with a larger @ because the salinity fluctuations of seawater
have a greater perturbation effect on the capacity than temper-
ature fluctuations. On the other hand, the anisotropic unstable
stratified oceanic turbulence power spectrum degenerates to
isotropic when € is equal to 1. For &, the larger its value, the
stronger the anisotropy and the greater the channel capacity
of the beam mainly because higher anisotropy of the turbu-
lent flow minimizes the refractive fluctuations of the beam and
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amplifies the transmission effect, leading to less interference
in the oceanic channel and a larger system capacity.
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Fig. 7. Channel capacity as a function of z with the focused LG beams
and the HB beams.

The comparison of the system channel capacity based on
the focused LG beam, the HB beam with diffraction-free char-
acteristics and the ideal condition is depicted in Fig. 7. We
can see that when the transmission distance is given, the chan-
nel capacity of the system based on the focused LG beam and
the HB beam is smaller than that of the system under ideal
condition due to the interference of turbulence effect. On the
other hand, under the same transmission conditions, the chan-
nel capacity of the HB beam-based system decreases more
sharply with increasing transmission distance than that of the
focused LG beam, indicating that the focusing mirror can ef-
fectively mitigate the effect of oceanic turbulence and augment
the channel capacity of OAM-based underwater optical com-
munication systems.

4. Conclusion

In summary, we have numerically analyzed propagation
and properties of a focused LG beam in anisotropic turbulent
ocean. The impacts of turbulent ocean parameters and beam
source parameters on the channel capacity of the underwater
communication link are discussed in detail. The results indi-
cate that the LG beam with mirror has a smaller beam size
and higher intensity density during transmission, resulting in
strong anti-turbulence and anti-attenuation performance ow-
ing to modulation of the focusing mirror. Meanwhile, for the
focused LG beam, the location of the maximum channel ca-
pacity in the propagation direction is not consistent with the
location of the geometric focal plane where the system can still
achieve a high degree of optimization for the channel capacity.
In addition, it is found that the greater the wavelength or the
beam waist radius, and the larger the number of transmission
channels applicable to improve the channel capacity for long
distance transmission. Further, the capacity of the system in-
creases with the mount of the kinetic energy dissipation rate

per unit mass of fluid, the inner scale of seawater turbulence
and the anisotropy factor, and decreases with the increase of
the mean-squared temperature dissipation rate of oceanic tur-
bulence, temperature-salinity contribution ratio and turbulent
outer scale factor. In comparison of the non-diffraction HB
beam and the unfocused LG beam, the focused LG beam has
larger capacity due to its less beam spreading in the under-
water channel. This provides a reference for designs of more
robust OAM-based underwater optical communication links.
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