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Multimode Laser Beam Field Correlations for
Vertical Links Operating in Oceanic Turbulence

Hamza Gergekcioglu™, Yahya Baykal™, and Muhsin Caner Gokge

Abstract—In underwater optical vertical link medium, based
on the extended Huygens-Fresnel principle, multimode laser
beam field correlation is derived and evaluated analytically in
the Atlantic Ocean at high latitude and high latitude- low
latitudes. With the depth of seawater, the coherence length of
a spherical wave operating in the underwater turbulent medium
is demonstrated for the range of 0-4000 m. By utilizing the
coherence length varying with parameters such as the rate of
dissipation of turbulent kinetic energy per unit mass of fluid
g, the rate of dissipation of the mean squared temperature
xr and non-dimensional representing the relative strength of
temperature and salinity fluctuations w, which depend on depth,
the field correlation is examined in detail for single modes
and multimode. Their variations are exhibited. Our results
indicate clearly that as the mode increases, field correlation gets
better.

Index Terms—Qceanic turbulence, coherence length, intensity,
oceanic vertical link, multimode beam.

I. INTRODUCTION

HERE are important searches and studies on optical

communication links for the factors such as bandwidth,
for preventing the distortion of waves transmitted through
communication media, and information security. Hence, the
propagation of laser beams both in a turbulent atmosphere and
in a turbulent underwater environment has attracted substantial
attention due to their wide applications in free space optical
communication links, in oceanic optical communication links
and remote sensing. Moreover, many studies are reported on
the propagation of various coherent and partially coherent
laser beams in a turbulent atmosphere [1], [2], [3], [4], [5],
(61, [71, (81, [91, [10], [11], [12], [13], [14], [15], [16], [17],
[18] and in a turbulent underwater medium [19], [20]. In
this context, naturally many studies have been conducted on
multimode [12], [13], [14], [16], [20]. With the studies on
multimode, the importance of this beam type is revealed
[14], [21], [22], [23], [24], [25]. With this study being one
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of the first studies on multimode and mentioned in [14],
scintillation index is derived and calculated and the advan-
tages of multimode are carried out. Scintillation index of
multimode and of the Hermite Gaussian beam mode field
profile are investigated for air vehicle communication systems
in vertical links of weak atmospheric turbulent conditions
[24], [25]. We have studied the bit error rate of focused
Gaussian beam and of collimated annular beam in horizontal
links and M-pulse position modulated Gaussian beam in
vertical links operating in weak oceanic turbulent medium
[26], [27], [28].

Inspired by the above-mentioned studies and [28], [29],
and [30], it is desired to investigate the multimode field
correlations in the vertical links in the Atlantic and the Pacific
oceanic turbulent environments. As far as we know, multimode
field correlations in the vertical links have not been reported. In
this study, the influences of this beam parameters and oceanic
turbulence on the average intensity of multimode field have
been examined by using the numerical examples in detail.
This study based on factual information is reported for the first
time and obtained results can inspire many important optical
applications.

II. FORMULATION

A. Incident Optical Field

The multimode laser beam incident field, i.e., u™ (s), is
stated by [23]

W (505,) = 3 U (s 8,) (1)

(n,m)

where ) is the summation of the single mode incident fields
(n.m)
with index nm and

u’n’}; (sx, sy) =H, (s./ay) H, (sy/a/s) exp [— (sf + s)z) /2(1?] ,
2

indicates the single mode field. Here H, and H,, are the
Hermite polynomials of order n and m providing the field
distributions in the s,, s, directions, @, being the source size,
nm symbolizes the mode indices. Field correlations of the
multimode laser beam incidence in oceanic turbulent is given
by < uy (pxI s Pyrs L) u; (pn, Dyss L) > where u; (px, Dy L) is
the field at the transverse receiver plane, <.> and * denoting
the ensemble average and the complex conjugate, respectively.
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B. Receiver Optical Field

Using the extended Huygens-Fresnel principle, the field at
the receiver plane is found as [1],

u(pe pysL)

expGkL) [ [
= in/dsxdsyu (sx, sy)

—00 —00

X exp (ik [lsx —pl s - py|2] /2L)
exp [¥ (55, ) + ¥ (50, )]s 3)

Here i = V-I,L is the propagation length, k = 27/A is
the propagation constant, 4 being the wavelength. y (sy, py)
and ¢ (sy, py) are the random complex phase of a spherical
wave transmitting x and y directions between the source point
and the receiver point in the turbulent oceanic medium. Field
correlations of the multimode laser beam incidence in oceanic
turbulent is expressed by

<u (wapxl, ) L)u* (sz, Py>» )

00

(/lL)Z////dsxldsylds)(zdsy2
u*

(le, SVI) (s)m syz)

X exp (ik |sx, = Px |2 /2L> exp (ik |sy, = Py |2 /ZL)
X exp (ik |sz ~ Px |2 /2L> €xp (ik {Syo Py |2 /2L)
X < exp [l,b (Sx],Pyl) (val’yl)]
exp [tlf (Sxa,va) +y (Syz’p)z)] “)

where

< exp [!// (le ) le) +y (Sywpw)]

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 61, NO. 3, JUNE 2025

exXp [lﬂ* (le,sz) +y° (sy2,pyz)] >
2
= exp [— <|sx1 - sX2| + ‘syl - syz‘
Vigwle  ©

: |pX1 - pxzi + |p71 — Py,

Here po(h) is the coherence length of a spherical wave
propagating in the underwater turbulent medium and # is the
depth of seawater, that is, & = 0 is the sea surface. Coherence
length of a spherical wave propagating in the turbulent medium
is defined as [31],

- “12
2k2L
T / SD(h, 0)dk (6)

0

po(h) =

where kexp(iy) is the two dimensional spatial frequency in
polar coordinates, « is the magnitude. The spatial power
spectrum of turbulent fluctuations of the seawater refraction
index of vertical underwater links, ®,(h, ), is derived, which
is expressed as Eq. (1) in [29]. Inserting Eq. (1) stated in [4]
into Eq. (6) and performing the integration, coherence length
is found as [31]

po(h) = 1

xxr(h) [0.483a)2(h) —0.835w(h) + 3.38]]}_0'5 7

lw(h)| {1.802 x 1077k*L [e(hyns(h)]”

where w(.) is unit less, relative strength of temperature
and salinity fluctuations parameter, representing the ratio of
temperature to salinity contributions to the refractive index
spectrum, y7 (.) is the rate of dissipation of mean-squared
temperature in K2/s, £(.) is the rate of dissipation of kinetic
energy per unit mass of fluid in m?/s® and n,() is the
inner scale, i.e., Kolmogorov microscale, which obtained in

I12: (p, L) = mexp (
1,1=0 =0 1=
n!ny!

ny/2 (n=2t,1)/2 (n1=2t,1-2t) ny /2
f12x)

Z Z Z Z(—l)’f"l*nzﬁ.

t2=0

—(n1—ny =211 —21n2)

X
it ! (m

(n1—np+t1 =2ty +26:2)/2 1y
X By 1220

(Yxpgﬁlx + 1)2
X exp v
4B1x (B]xpgﬁlx 1

) :| H(l’ll—2f”1—2l—f1+l’12—2f”2)

— 2ty — 2t — 1) (ny — 2t,0)!
1) (5

)—(1+”1 =2ty —2t—t1+n2-2t,2)/2

i(/}/xp(z]ﬁlx + 1)

my /2 (my=2t,1)/2 (my =2t =21) my /2

Il2y(p,L)_Jrexp< 12y) Z Z Z

tm1=0 =0
my'my!

x
it ! Gy

(Vyp(z)ﬁly + 1 )2
4p, (Bi,pip1,— 1)

X exp

=2ty — 2t — 1) (my — 2t,0)!
(my—my~+t; =2t +2t2)/2 2(l+m —2t) « 4
X By T flzy o " (ﬂlypoﬂly_ 1

- )
\/4ﬂ1x (ﬁTxpoﬁlx - 1)
Z (_ l)tiiml —my—+1
tm2=0
—(my+my—2ty1 —2tp2)
)—(H—ml =2t —2t=t1+my—2ty2)/2
. 2
l (Y\fpoﬁl}' + ])
H(ml =2ty =2t—11 +mp—2ty) (10)

\/4/31), (81,0881, - 1)
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TABLE 1
THE PARAMETERS OF THE SIMULATIONS

A =532 nm, n, =5x10" m, Py =Dy, =10" m, @, =5cm
Figure 1 0—4000 m, ¢*=0°

Figure 2 0—4000 m, ¢” =0, 30°, 60°

Figures 3-8 3300 m—3500 m, ¢° =0°

Figure 9 3700 m—3500 m, ¢° =0°

Figure 10 3700 m—3500 m, ¢° =0"

Figure 11 3700 m—3500 m, ¢° =0°

Figures 12-14 | 3300 m—3500 m, —60° <¢° <60’
Figure 15 3500 m—3700 m, ¢° =0°

[32] by the use of the Nikishov-Nikishov power spectrum of
underwater turbulence [33].

<u(pr,L)ux(py,L)

ik
= (/lL)Z €xp {ZL [(plx + ply) (P%x + p%‘,)]

2 2
,0% [(plx p2x) + (ply - pZy) ]%

Ny Ny
X D AwmAny e (p. L Iy (p, L), (8)
(ny,my) (na,my)

where, (9) and (10), as shown at the bottom of the previous
page, and

ik 1 1
e =By = e + — + —, 11
Biu=py =57+ 20 + 2 (11a)
ikpix 1
f12x=_ ;"1 __z(plx_pZX),fIZy
0
ikp1y 1
=-—7 - p—% (P1y = P2y) s (11b)
L )
Yx = LPZx p(z) Pix — P2x)»7Yy
ik 1
= S+ 5 (p1y - ) 11
Lp2) + p% (pl) pZy) ( C)

Considering the propagation length L, it is noted that the
depth of the seawater will be defined as h = hy + Lcos (go)
for the slant downlink, and as i = hg — Lcos (¢°) for slant
uplink, where h = ho is the initial depth level point and
¢ is the zenith angle. By inserting the corresponding /4 in
@, (h, k), we obtain depth dependent spatial power spectrum
of turbulent fluctuations of the seawater refraction index, i.e.,
@, (h, k) which is used in Eq. (6). It can be shown that our
formulation can be correctly reduced to vertical and horizontal
links when ¢% = 0° and ¢° = 90°, respectively.

III. NUMERICAL RESULTS

The formulation of multimode laser beam field correlations
is derived analytically for vertical links operating in oceanic
turbulence. By using r = (ry,ry), pox = pix + r is taken,
ie., (pz)c, pzy) = (plx + 1y, piy + ry). The average receiver
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Fig. 1. The coherence length depth of a spherical wave propagating in the
underwater turbulent medium for the Atlantic Ocean at high, mid and low
latitudes.
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Fig. 2. The coherence length depth of a spherical wave propagating for
various zenith angle ¢” in downlink in the Atlantic Ocean high latitude-low
latitudes.

intensity at selected propagation length are normalized by the
same quantity as

<u (pX]’pyl) ux* (pr’pyz) >
=< U (pxl’pyl) uy (szaPyz) >/
max [< Us (pxl’pyl) uy; (sz’pyz)]

In Table I, the parameters used in the simulations reflected
in the figures of this section are provided. Other necessary
information employed in the figures is provided in the legend,
axes titles and captions of each figure.

Eq. (12) represents the average field correlations of mul-
timode fields due to oceanic turbulence only. However, in
the ocean, in addition to turbulence scattering, there are also
substantial attenuation arising from scattering and absorption
from oceanic particles. Thus, average field correlations are also
exposed to additional attenuations due to particle scattering
and particle absorption which are given by factors of e L
and e WL respectively. Here o (1) and o, (1) are the
scattering and absorption coefficients of oceanic particles,

(12)
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Fig. 3. Field correlations against various rate of dissipation of turbulent kinetic
energy per unit mass of fluid & for different even order single modes.
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Fig. 4. Field correlations against various rate of dissipation of turbulent kinetic
energy per unit mass of fluid & for different odd order single modes.

respectively which depend on the type of water and are
functions of wavelength. The main purpose in this paper is
to understand the behavior of the average field correlations of
multimode fields for vertical links in oceanic turbulence so
the figures in this section present turbulence effects. However,
for completeness, in Fig. 15, in addition to oceanic turbu-
lence effects, in the field correlations, we also incorporate
the scattering and absorption effects arising from the oceanic
particles as well.

Considering Eq. (12), the results are obtained through Eq.
(11) by inserting Egs. (2) and (9) and shown at the selected
values including source size, i.e., @y = Scm. It is considered
that specific medium is the Atlantic Ocean at high latitude
and high latitude- low latitudes, which is widely examined
in detail in [29] and [30]. While the figures related to &(.),
Xt () and zenith angle are drawn for the propagation distance
range between depth of 3300 m and depth of 3500 m, in
order for the figures related to w to be clearly visible, the
propagation distance range is taken between 3500 m and 3700
m depth. Based on Eq. (7), Fig. 1 and Fig. 2 are shown for

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 61, NO. 3, JUNE 2025
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Fig. 5. Field correlations against various rate of dissipation of turbulent kinetic
energy per unit mass of fluid & for different multimode orders.
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Fig. 6. Field correlations against the rate of dissipation of the mean squared
temperature y7 for down link at selected different single modes.

the behavior of the coherence length of a spherical wave,
i.e., pg, propagating in the selected media at the vertical
range of 0 - 4000 m, with various zenith angle selected as
¢¥ = 0,30°60° in the oceanic high latitude-low latitudes
medium. It is observed that as the zenith angle increases, the
features and changes at the coherence radius are also shifted.
Fig. 3, Fig. 4 and Fig. 5 are depicted for field correlations
versus various rate of dissipation of turbulent kinetic energy
per unit mass of fluid € for even and odd order single modes
and multimode at underwater down link medium, respectively.
In Fig. 3 and Fig. 4, it is observed that the improvement
increases with the increase in the mode order number. That
is, the increase in the number of mode orders contributes
significantly to the reduction of the turbulence effect of the
environment. In Fig. 5, the advantage of multimode, which
has the highest order, i.e., (0,0) +(0,1) +(1,2) +(2,3), over
others is clearly seen. The increase in rate of dissipation of
turbulent kinetic energy per unit mass of fluid € leads to affect
the beam propagation, i.e.,. the laser beam field correlations.
Including Fig. 5, for each value taken, the field correlations
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Fig. 7. Field correlations against the rate of dissipation of the mean squared
temperature y7 for uplink at selected different single modes.
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Fig. 8. Field correlations against the rate of dissipation of the mean squared
temperature y7 for down link at selected different multimode orders.

should be considered and interpreted as a separate range, and
even the fact that odd orders and even orders do not show
similar properties should be attributed to this. Naturally, this
feature is also observed in other figures, i.e., in Figs 6-14.
For the down link, field correlations versus the rate of
dissipation of the mean squared temperature y at the selected
different single modes involved in even and odd modes are
drawn in Fig. 6 and 7. The field correlation including even
and odd modes exhibits different characteristic features. While
the rate of dissipation of the mean squared temperature yr
at selected different single modes involved in even order
increases, an increment at the field correlations is observed
drastically. Controversially, at the chosen different single odd
modes, the increase in the rate of dissipation of the mean
squared temperature slightly reduces the field correlations at
before approximately y7 = 3.2x1077 .However, after that value,
it remarkable rises with the growth of orders in Fig. 7. As
shown in Fig. 8, the multimode beams having even and odd
number of modes causes field correlations at the receiver
plane lead to results that exhibit growing trends. Single even

6100108
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Fig. 9. Field correlations against non-dimensional representing the relative
strength of temperature and salinity fluctuations w for down link at selected
different odd order single modes.
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Fig. 10. Field correlations against non-dimensional representing the relative
strength of temperature and salinity fluctuations w for down link at selected
different even order single modes.

modes appear to be dominant. The advantage of multimode
possessing the highest order, i.e., (0,0) +(0,1) +(1,2) +(2,3) is
obviously observed over others. Figs. 9, 10 and 11 are depicted
for field correlations against non-dimensional representing the
relative strength of temperature and salinity fluctuations w
for uplink at selected different odd order single modes, even
order single modes and multimode orders, respectively. Espe-
cially, the propagation distance ranges are selected between
depth of 3700 m and depth of 3500 m in order to clearly
see the characteristics of attitude of the relative strength of
temperature and salinity fluctuations. In Fig. 9, being up to
w = —8, the increase in order causes a decrease in the field
correlation. After w = —8, there is a gradual increase in the
field correlation. Whereas, in Fig. 10, the increase in order
causes a arise in the field correlation. The increase in w value
provides best results for the field correlation by examining
multimode defined as (0,0)+(0,1) +(1,2) +(2,3), as well as
seen Fig. 11. Fig. 12, 13 and 14 are drawn for the field
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Fig. 11. Field correlations against non-dimensional representing the relative
strength of temperature and salinity fluctuations w for down link at selected
multimode orders.
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Fig. 12. Field correlations against zenith angle for down link at selected
different even order single modes.

correlations against zenith angle for down link at selected
different even and odd order single modes and multimode,
respectively. It is noted that when w(.) being the relative
strength of temperature and salinity fluctuations parameter
goes to infinitive, Nikishov-Nikishov power spectrum reduces
to the spectrum of the temperature fluctuation. When w (.)
also approaches to zero, the power spectrum degrades into the
spectrum of the salinity fluctuation, Moreover, the minus sign
of the quantity w (.) indicates that is a reduction in temperature
and an increase in salinity with depth [29], [30], [34], [35]. For
Fig. 12, it is difficult to say anything about field correlation by
looking at the change in single mode. However, it is seen that
field correlation decreases with increasing zenith angle. The
increase in single mode clearly results in an improvement of
field correlation. That is, it is observed that while zenith angle
goes from zero to ¢° = £60°, field correlations increase by
accelerating odd order. In Fig. 14, the increase in the modes
causes the field correlations to arise in chosen the angle range.
While modes pass from single mode to four multimode, the
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Fig. 13. Field correlations against zenith angle for down link at selected
different odd order single modes.
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Fig. 14. Field correlations against zenith angle for down link at selected
different multimode orders.

field correlation is improved by widening the zenith angle
from ¢ = 0° to about ¢® = 40° with (0,0)+(0,1) +(1,2)
+(2,3) modes. The results obtained through Egs. (7) and (2)
are shown for vertical paths at the selected odd and even orders
that can be compared with each other for single mode. While
Figs. (3)—(8) are demonstrated for the rate of dissipation of
turbulent kinetic energy per unit mass of fluid € and the rate
of dissipation of the mean squared temperature yr for down
link, Figs. (9)—(11) are depicted for unitless, relative strength
of temperature and salinity fluctuations parameter w for uplink.
In fact they reflect variations for vertical propagation length,
i.e., depth, since &, y7 and w depend on depth, i.e., & yr and
w are functions of depth [29], [30].

Fig. 15 is drawn to introduce also the attenuation effect
due to scattering and absorption originating from particles in
the ocean to the field correlations for the down link. The
scattering and absorption coefficients of oceanic particles,
0 (1) and o5 (1) are chosen to be 0.00218 and 0.05172,
which are the interpolated values for the oceanic pure saltwater
at the wavelength of 532 nm obtained from the data given
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Fig. 15. Turbulence, particle scattering and absorption effects on the field
correlations of the laser beam against propagation length for down link.

in [36]. Since there is no exact data at the wavelength of
532 nm, interpolation is applied that naturally brings some
inaccuracy in the coefficients. However, this inaccuracy is
almost negligible. In Fig. 15, it is seen that the absorption
attenuation is much larger than the scattering attenuation at
this range of propagation distances, that is, when the range of
depth is from 3500 m to 3700 m.

IV. CONCLUSION

This study aims to demonstrate the behavior of multimode
laser beam field correlations for vertical links in underwater
turbulent medium mentioned as the Atlantic Ocean at high
latitude and high latitude- low latitudes. In addition to exhibit-
ing the behavior of the multimode beam, the coherence length
of a spherical wave propagating in this environment is also
shown for the vertical link. Based on the extended Huygens-
Fresnel principle, multimode laser beam field correlations are
investigated, and its formulation is derived analytically and
evaluated. All figures, except for those related to coherence
length, are obtained by appraising this formulation. Consid-
ering the feature of the underwater parameter possessing an
important place in the field correlation and coherence length
equation, mentioned in [29] and [30], laser beam propagation
distance range, except for Figs. (9)—(11), is selected from
depth of 3300 m and depth of 3500 m for the down link,
or from depth of 3700 m and depth of 3500 m for the uplink.
When the coherence characteristic is examined, characteristic
shifts are observed with the increase in the zenith angle. In
addition, when the field correlations versus various rate of
dissipation of turbulent kinetic energy per unit mass of fluid
&, the rate of dissipation of the mean squared temperatureyr
and unit less, relative strength of temperature and salinity
fluctuations parameter w, which indirectly express each depth,
laser beams with mode have more advantage than Gaussian
laser beams having (0,0). The increase in the number of
modes results in an improvement in the field correlation. In
addition, the multimode obtains remark advantageous field
correlations. The results, presented in this study being on
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the improvement of the field correlation, are as clear as
desired, except for Fig. 12.This information will be useful for
optical system design including various optical applications
which comprise LIDAR, microscopy, interferometry, imaging,
optical and quantum communications, especially in underwater
turbulent medium.

In this study, we did not perform experiments. Also, to our
knowledge, there are no reported experiments in the literature
in this field of multimode laser beam field correlations for
vertical links operating in oceanic turbulence to validate our
presented results. However, our work in this paper will provide
important information which will form a significant basis for
future experimental studies.
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