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Abstract: In medium- and short-range underwater application scenarios, thanks to the superior
performance in transmission bandwidth, link latency, and security, underwater wireless optical
communication (UWOC) is growing to be a promising complement to the mature underwater acoustic
communication technique. In order to extend the future 6G Internet of Things (IOT) to various
challenging and valuable underwater scenarios, the underwater spatial coverage and transmission
performance has been actively discussed in typical seawater environments. However, almost all
current works focus on underwater scenarios including light-emitting diode (LED) transmitters
with well-known Lambertian optical beams and fail to characterize the scenarios adopting LED
transmitters with distinctive non-Lambertian beam patterns. For addressing this limitation, in
this article, the coverage performance of non-Lambertian UWOC for 6G is analyzed and illustrated.
Furthermore, the switchable optical beam configuration scheme is proposed and estimated for UWOC.
Numerical results illustrate that, compared with about 15.42 dB signal-to-noise ratio (SNR) fluctuation
amplitude for UWOC with baseline Lambertian optical beam configuration, the corresponding SNR
fluctuation amplitudes of UWOC based with two typical non-Lambertian optical beams are 8.71 dB
and 24.60 dB. Furthermore, once the receiver depth is increased to 6.0 m, the SNR fluctuation
amplitude for the above three UWOC coverage with distinct beam configuration could be reduced to
5.61 dB, 1.58 dB, and 10.33 dB, respectively.

Keywords: non-Lambertian optical beams; underwater wireless optical communications; underwater
spatial coverage; 6G underwater Internet of Things

1. Introduction

Underwater wireless communication (UWC) plays a key role in ocean engineering,
tactical surveillance, marine resource exploration, and scientific ocean observation [1-8].
Recently, with human underwater activities having significantly expanded, it is verified
and emphasized that the mature underwater acoustic communication (UAC) technique
could not support underwater data transmission with a high rate, large capacity, and low
delay [5-8]. For addressing this issue, underwater wireless optical communication (UWOC)
is getting increasing attention and becoming one powerful candidate technique, thanks to
its sufficient available bandwidth, lower link latency, reduced system power consumption,
and lower implementation cost [5-9].

In the coming sixth generation (6G) era, in order to successfully extend the Internet
of Things (IoT) to severe and valuable ocean environments, a number of design and
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optimization schemes have been proposed and analyzed to enhance the light-emitting
diode (LED) transmitter-based UWOC performance, especially in short- and medium-range
application scenarios. Specifically, the authors in [4] systematically described the design
method and implementation process of more than 50 m real-time UWOC system, and the
relevant variables and indicators of system design were quantitatively analyzed. Moreover,
the study in [5] focused on the UWOC channel ergodic capacity based on one elaborate
statistical model for different ocean phenomena including beam directivity, underwater
unit beam misalignment, and solar noise. In addition, the authors in [6] investigated
the potential impact of photodetector responsivity on the performance of point-to-point
UWOC systems, in terms of bit error rate (BER) and signal-to-noise ratio (SNR). And for
achieving uniform optical signals coverage for the UWOC system, according to the size of
the underwater spatial coverage area, an optimized scheme was proposed and evaluated
to optimize the pitch angle of the LED light source in [7]. At the same time, an optimal
deployment scheme was proposed for the UWOC system to transfer real-time video from
the seafloor to the ocean surface based on the Hungarian algorithm [8].

Nevertheless, almost all the above UWOC works assume that the employed LED
sources obey general Lambertian optical beams, and could not characterize the potential
performance of UWOC systems based on non-Lambertian LED optical sources [10-14].
Objectively, the distinct optical beam effects and the relevant design dimension have been
introduced and discussed in representative branch directions of wireless optical commu-
nication (WOC) and visible light communication (VLC) technology, typically including
but not limited to channel characteristics characterization, multiple input multiple output
transmission, and hybrid VLC and radio frequency transmission. Based on the above
consideration, it is necessary to overcome the research limitation of the current Lambertian
beam-based UWOC works, and precisely characterize the ocean scenarios by adopting
LED transmitters with distinctive non-Lambertian beam patterns.

Based on the above consideration, in this article, to the best of our knowledge, for
the first time, the coverage performance of a non-Lambertian optical beam-based UWOC
system is investigated and characterized for 6G Internet of Things (IOT). Meanwhile, the
customized switchable optical beam configuration scheme is proposed and discussed for
the corresponding improvement of UWOC coverage performance.

In this paper, the underwater optical wireless communications based on distinct optical
beam configurations are presented in Section 2. And the relevant numerical evaluation is
presented in Section 3. Finally, Section 4 concludes this paper.

The key contributions of this work include theoretically exploring the effects of the
non-Lambertian optical beam on the coverage performance of underwater wireless opti-
cal communications. Moreover, the channel models for the underwater wireless optical
communications based on baseline Lambertian optical beam configuration, and the typical
symmetric and asymmetric non-Lambertian beams are studied. In addition, the effects of
the different water type, the different receiver field of view, the different receiver depth,
and the receiver aperture size are numerically investigated for the coverage performance
of underwater wireless optical communications based on the above distinct optical beam
configurations. This paves the way for design and optimization techniques via novel
and flexible optical beam dimensions for the development of underwater wireless optical
communication systems and networking.

2. Underwater Wireless Optical Communications Based on Distinct Optical
Beam Configurations

To a large extent, the UWOC channel gain and coverage characteristics are dominated
by the optical beam pattern of the light emitting diode (LED) source involved in short- or
medium-range underwater data transmissions. As a matter of fact, these distinct optical
beam patterns objectively open one novel design and optimization dimension for UWOC
performance evolution and enhancement.
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2.1. Underwater Wireless Optical Communications Based on Baseline Lambertian Optical
Beam Configuration

In a typical UWOC system, radiation intensity is the key metric to measure the spatial
radiation characteristics of optical beams. Specifically, in baseline Lambertian optical beam
configuration-based UWOC systems, the respective radiation intensity could be given by:

Mpam + 1

Riam ((P) = T

cos™am (¢), M
where ¢ denotes the emission angle of optical signal, and 7y 4y, denotes the Lambertian index.
And the Lambertian index my ;n, is explicitly given by:

MLam = _Il’l( In2 (2)

cos 1/2)’
where ¢y /, describes the semi-angle at half-power of average transmitted optical source,
which models the Lambertian optical beam width. Generally, the Lambertian index is set
at 1, and then the respective 3D radiation pattern is shown in Figure 1, and the relevant
UWOC application scenario based on this baseline Lambertian optical beam is illustrated
for a 6G IoT network.

ambertian
optical beam

(b)

Figure 1. Schematic of UWOC based on baseline Lambertian optical beam for 6G IoT network: (a) the
respective application scenario, and (b) the relevant 3D beam pattern with the dashed line denoting
the normal direction.



Inventions 2024, 9, 49

40f17

As for the receiver part of UWOC, A is the effective area of the optical detector
collecting the incident optical signal. And this area could be given by:

. APDTS(G)g(G) COS(G), 0< 0 < OFOV
Aeff(e) - { 0, 0> QFOV ’ (3)
where App denotes the active area of the optical detector, i.e., photodiode (PD), 6 is the
incident angle of the captured optical signal, and Oroy is the field of view (FOV) of the
receiver. Ts(6) is the signal transmission gain of the optical filter and g(#) is the gain of the
non-imaging optical concentrator, given by [7,9]:

2
g(@) _ m, OSGSHFOV , (4)
0, 0 > Orov

where 7 is the internal refractive index of the optical concentrator. The reason of adopting
the non-imaging over the imaging concentrator is that it offers a higher FOV and a relevant
flexibility of beam misalignment between the optical source and the optical receiver. As for
the respective UWOC application scenario based on the baseline Lambertian optical beam
illustrated in Figure 1, the relevant optical channel gain is then given by:
Hypm(0) = { Riam (9) 4 T (0)(0) cos(0), 0= 6y < oy )
0, 8o > Orov

where d denotes the distance between the optical source LED and the receiver, such that
the received optical power Pry could be expressed as follows:

Prx = Hiam(0)Len Pry, (6)

where Pry denotes the emitted optical power, and L, is the optical loss factor of the line of
sight (LOS) communication links, which could be represented as [7,9]:

Ly = exp[—c(A)d], (7)

where c(A) denotes the beam extinction coefficient, i.e., the attenuation coefficient, and d
denotes the distance between the optical source LED and the receiver. This attenuation
coefficient c(A) is mainly dominated by absorption and scattering effects, which could be
expressed as [7,9]:

c(A) =a(A)+b(A), (8)

where a(A) denotes the absorption coefficient of the water medium involved and b(A)
denotes the scattering coefficient of the water medium involved. Both coefficients depend
on the optical wavelength and the water type. Typically, the expression of a(A) and b(A)
could be given as [14]:

a(A) = [aw()\)+0.06ac(/\)c°-65} x {1+ 0.2exp[—0.014(\ — 440)]}, )

and 550
b(A) = 0.307C°-62, (10)

where C denotes the chlorophyll concentration value of the water medium involved, ayy is
the absorption coefficient of pure water, and 4. is the absorption coefficient for chlorophyll,
which is a nondimensional number obtained via statistical analysis.
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Based on the received optical power, the signal-to-noise ratio (SNR) could be given
as [7,9]:

Pre)’
SNRiam = (B
Lam ZqPnyF(M)Be+4KBTBe

— (HLﬁm(O) ChPTZI’(Y)TB
2qPryYF(M)Be+ —f—

, (11)

where 7y denotes the responsivity of PD, g is the electron charge, F(M) is the noise figure,
which is a function of the multiplication factor, Be denotes the receiver electrical bandwidth,
Kp is the Boltzmann constant, T denotes the temperature, and R}, denotes the resistance.
By substituting (5) and (7) into (11), the respective SNR of a UWOC system based on
Lambertian beam configuration at the optical receiver could be renewed as:

(Ream (9) 2 T, 0)50) cos(G)LChPTX'y>2 <o
SNRiam = ZqPRX’yF(M)Be+4KBTBe , < 6y < Opov
0, o > Orov X W)
Mg L cosLam () 2BR T, (6) 52— cos(0) exp[—c(A)d]Pryy
— - @ sin® (roy ) 0 < 8y < Broy
B 24PReYF(M)Be+ R =2 Vst s
0 6o > Brov

2.2. Underwater Wireless Optical Communications Based on Distinct Non-Lambertian Optical
Beam Configuration

Without loss of generality, as typical non-Lambertian optical beams, the LUXEON
Rebel LED array and the NSPW345CS Nichia LED array were deliberately selected for
the subsequent exploration of a UWOC system based on distinct non-Lambertian optical
beam configurations in this work. The reason for this selection is that, on one hand, both
beams have quite different spatial radiation characteristics compared with the conventional
Lambertian optical beams, and on the other hand, both non-Lambertian beams are gener-
ated by commercially available LEDs, which makes this work applicable in engineering
implementation.

Similar to the mentioned Lambertian beam, the spatial radiation intensity of the optical
beam of the LUXEON Rebel LED array also conforms to rotational symmetry. According
to the popular measurement and modeling work of commercially available LED optical
beams in [10,12], the spatial radiation intensity of the LUXEON Rebel optical beam could
be calculated using the following equation as a sum of Gaussian functions [10,12]:

Rebel | (P | 8 g{zebel
RRrebel (¢ Z i %exp | —1In2 W , (13)
3i

where ¢ denotes the emission angle, and N; = 2 is the amount of Gaussian functions.
Specifically, the values of the coefficients in this expression are as follows: giebe! = .76,
ngebel 0°, gRebel 29°, gRebel =1.10, gRebel 45°, and gRebel 21°. From the side view,
Figure 2 illustrates the 3D beam patterns of this LUXEON Rebel non-Lambertian optical
beam with rotational symmetry. Unlike the previous Lambertian optical beam, in this
non-Lambertian case, the maximum emission intensity no longer appears at the normal
direction, i.e., the red arrow direction, but at all directions with an irradiance angle of
about 40°.
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LED non-Lambertian

LUXEON Rebel optical
beam

(b)

Figure 2. Schematic of UWOC based on LUXEON Rebel optical beam for 6G IoT network: (a) the
respective application scenario, and (b) the relevant 3D beam pattern with the dashed line denoting
the normal direction.

In the typical underwater scenario based on the LUXEON Rebel optical beam il-
lustrated in Figure 2, when the radiation characteristic of the optical source follows the
LUXEON Rebel non-Lambertian beam, the relevant optical channel gain at the receiver is
given as:

HRebel (0) = normRebel , (1 4)

RRebel(Qb)p_A%Ts(e)g(e) cos(f), 0<6 < 6oy
0, 0 > Orov

where P,ormrebel denotes the power normalization factor of the LUXEON Rebel optical
beam, which functions to ensure that the beam power radiated in all spatial directions is
1 W. In other words, unlike the conventional Lambertian beam pattern, this non-Lambertian
beam pattern fails to realize the natural normalization since it is derived from the numerical
fitting of measurement data of a commercially available LED product.

Similarly, based on the received optical power under this LUXEON Rebel optical beam
configuration, the respective signal-to-noise ratio (SNR) of the UWOC system could be
given as:
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SN RRebel =

SNRNspw

2
5D T4 (6)9(6) cos(6) expl—c (MM Prv

normRebe!

(RRebel(‘P) P 0 0 P
, < <
2quX7F(M)Be+4KBTBe = V0 = VFOV

0, 8o > Orov

2
I\g Rebel n?2 lo|— qRebel ’ ApD T. (9) n2 (9)L P
; exp|—n " Ccos hETxY
i=1 8ii P gg{lebel PrormRebeld®  sinZ(6pov) e

, (15

<RNSPW (¢) P%

0<6 <0
20 Py F(M) Bot 41<BZBe ’ = Y0 = VFOV

0, 0o > Orov

Furthermore, different from the well-discussed Lambertian beam and the above dis-
cussed LUXEON Rebel optical beam, the spatial radiation intensity of the asymmetric
non-Lambertian beam depends on the elevation and azimuth angle of the emitted opti-
cal signal [10,12]. Without loss of generality, this work specifically investigates the non-
Lambertian radiation pattern of the NSPW345CS Nichia type beam in a UWOC scenario.
For convenience, NSPW is used to present this LED product type in this work. In other
words, NSPW is not an acronym, but the product number for the NSPW345CS Nichia of
one specific commercially available LED from the Nichia manufacturer. The respective
radiation intensity could be calculated using the following equation [10,12]:

2

. ' B o2 cos?a  sin’w
RNSPW(‘P/“)—EglzeXp[ (In2) (|| — 82:) <(g3i)2+(g4f)2>]' (16)

where « is the azimuth angle within the source plane. Specifically, the values of the coeffi-
cients in this expression are as follows: g} NSPW — 0.13, gNSPW 45°, gé\;spw gNSPW 18°,

GPW =1, gNSPW = 0, oNSPW = 38°, and g)$*"W = 22°. From the wide cross-section view
angles, Figure 3 shows the 3D beam patterns of this asymmetric NSPW non-Lambertian
beam. Moreover, Figure 3 shows the typical underwater scenario based on the asymmetric
NSPW non-Lambertian beam. Under this beam configuration, the renewed optical channel

gain expression could be given as:

Rnspw () 5—222— T (0)g(0) cos(8), 0 <6 < broy

S
normNSPW a2

, (17)
0, 8 > Orov

Hnspw (0) = {

where PrormNspw is the power normalization factor of this asymmetric NSPW non-Lambertian
beam, which functions to ensure that the beam power radiated in all spatial directions is
1 W. Therefore, this means that this asymmetric NSPW non-Lambertian beam pattern fails
to realize the natural normalization due to the fact that it is also derived from the numerical
fitting of measurement data of a commercially available LED product.

Similarly, referring to (11) and (12), based on the received optical power under this
asymmetric NSPW non-Lambertian optical beam configuration, the respective signal-to-
noise ratio (SNR) of the UWOC system at the optical receiver should be renewed as:

2
T.(0)g(6 )cos(@exp[w@)d]lﬂm)

normNSPW a2

2
(Z glieXP{ (In2)(|¢|—82;) (“’s “+”‘“ 5
i=1 3;)

41<BTBe ’ 0 S 90 S QFOV
Ry

0y > GFOV (18)

2
$(0) = cos(0) L, P )
>] normNSPWd2 )smz(gFOV) ( ) ch I'TXY

2qPrxYF(M)Be+

2

, 0<6,<8
ZqPRx“YF( )Be+4KBTBe = Y0 = VFOvV

8o > Orov
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non-Lambertian
NSPW optical beam

(b) (©

Figure 3. Schematic of UWOC based on asymmetric NSPW non-Lambertian optical beam for 6G IoT
network: (a) the respective application scenario, (b) the relevant 3D beam pattern from the wide side
view with the dashed line denoting the normal direction, and (c) the relevant 3D beam pattern from
the narrow side view with the dashed line denoting the normal direction.

For clarity, the explanations for the main symbols used in the mathematical modeling
described in this section are included in Table 1.

Table 1. Explanations for the main symbols used in the mathematical modeling described in Section 2.

Symbols Explanations
¢ emission angle of optical signal
ML am Lambertian index
172 semi-angle at half-power of average transmitted optical source
App active area of optical detector
0 incident angle of captured optical signal
Orov field of view of receiver
Ts transmission gain of optical filter
g gain of non-imaging optical concentrator

d distance between optical source and receiver
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Table 1. Cont.

Symbols Explanations
Pry the emitted optical power
Len optical loss factor of line of sight communication link
c beam extinction coefficient
a absorption coefficient of water medium involved
b scattering coefficient of water medium involved

3. Numerical Evaluation

In this section, a numerical analysis is carried out between the conventional Lamber-
tian optical beam configuration and the emerging non-Lambertian optical beam configura-
tions in terms of coverage performance of underwater wireless optical communications.
Specifically, a typical underwater scenario under the water surface is considered, which
is consistent with Figures 1a, 2a, and 3a. In addition, the main parameters involved are
included in Table 1.

Specifically, a typical medium-size baseline underwater space is considered, which is
consistent with Figure 3. In addition, the main parameters involved are included in Table 2.

Table 2. Main parameter configuration.

Parameters Values
Baseline underwater space size (W x L x H) 5% 5 x 3m?
Emitted power of transmitter 10W
Number of transmitter 1
Location of transmitter (2.5,2.5,0) m
LED Lambertian index 1
Receiver field of view 90°
Depth of receiving plane 3.0m
Type of photodiode PIN PD
Physical area of PD 1.0 cm?
Responsively of PD 0.28 A/W
Concentrator refractive index 1.54
Optical filter gain 1
LED Modulation bandwidth 20 MHz
Absorption coefficient of pure seawater 0.053 m~!
Scattering coefficient of pure seawater 0.003 m~!
Absorption coefficient of clear seawater 0.069 m~!
Scattering coefficient of clear seawater 0.08 m~!
Absorption coefficient of coastal seawater 0.088 m~!
Scattering coefficient of coastal seawater 0216 m~!
Absorption coefficient of turbid seawater 0295 m~!
Scattering coefficient of turbid seawater 1.875m™1!
Electron charge q 1.69 x 10719 C
Boltzmann constant Kg 1.38 x 1072 K
Temperature T 300K
Resistance Ry, 50 )

Here, as for the Lambertian optical beam, the Lambertian index is set at 1 without
loss of generality. And the emitted power of the transmitter and the LED Modulation
bandwidth are determined as 10 W and 20 MHz, respectively, which could be attained
using the typical commercially available LEDs. For the sake of simplicity, the optical filter
gain is given as 1.
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3.1. Effect of Different Water Type

In this subsection, some numerical results are presented in order to quantify the impact
of the optical beam configuration for the coverage performance of underwater wireless
optical communications with different water types. Firstly, in the case of pure seawater,
the underwater SNR spatial distribution on the receiver working plane for distinct optical
beam configurations is illustrated in Figure 4. Specifically, for the baseline Lambertian
optical beam configuration, an obviously rotational symmetry could be identified in the
received SNR spatial distribution, due to this configuration’s azimuth angle-independent
optical signal radiation. The corresponding SNR distribution ranges between 32.23 dB
and 47.65 dB; the fluctuation amplitude is about 15.42 dB and the average SNR is about
41.13 dB. As for the LUXEON Rebel non-Lambertian optical beam configuration, a more
uniform SNR spatial distribution is observed while the rotational symmetry in coverage
is reserved, thanks to the bowl-shaped radiation pattern of this typical non-Lambertian
optical beam. Moreover, the respective fluctuation amplitude of the SNR distribution is
dramatically reduced to 8.71 dB, with the SNR distribution ranging between 34.31 dB
and 43.02 dB, and the average SNR is changed to about 40.77 dB. In addition, as for the
NSPW non-Lambertian optical beam configuration, more intense SNR spatial fluctuation
is illustrated because of the unique rotational asymmetry in the radiation pattern at the
optical source end. The relevant SNR fluctuation amplitude is increased to 24.60 dB, with
the SNR distribution ranging between 29.71 dB and 54.31 dB, and the average SNR is
increased to about 42.83 dB.

In Figure 5, the cumulative distribution functions (CDFs) of the underwater SNR
spatial distribution of different water types for distinct optical beam configurations are
illustrated separately. For up to 90% of receiver positions under the Lambertian UWOC con-
figuration, the SNR is more than 36.31 dB, while the corresponding values of the LUXEON
Rebel non-Lambertian configuration and the NSPW345CS non-Lambertian configuration
are changed to 38.02 dB and 34.58 dB, respectively. Therefore, the proposed LUXEON
Rebel non-Lambertian UWOC configuration is capable of improving the weak coverage
domain of the typical UWOC application scenario. When the water type is replaced by clear
seawater, this performance metric is slightly reduced to 35.56 dB for the Lambertian UWOC
configuration, while the respective metric is slightly reduced to 37.28 dB and 33.88 dB for
the LUXEON Rebel non-Lambertian configuration and the NSPW345CS non-Lambertian
configuration, although the SNR fluctuation amplitude and trend for each optical beam
configuration is inherited from the original pure seawater condition to the discussed clear
seawater condition.

Furthermore, once the water type is changed to coastal seawater, a significant SNR loss
could be observed for the coverage performance of the three optical beam configurations
under study. Specifically, for the Lambertian UWOC configuration, the average SNR is
reduced to about 33.38 dB, while for up to 90% of receiver positions, the SNR is no less
than 27.49 dB. As for the LUXEON Rebel non-Lambertian configuration, the average SNR
is reduced to about 33.02 dB, while for up to 90% of receiver positions, the SNR is no less
than 29.21 dB. Moreover, for the NSPW non-Lambertian configuration, the average SNR
is reduced to about 35.09 dB, while for up to 90% of receiver positions, the SNR is no less
than 25.91 dB.

As shown in Figure 5b, for the last water type, given the higher scattering coefficient of
turbid seawater, almost all received SNR values are below —10 dB for the discussed UWOC
coverage with the above-mentioned distinct optical beam configurations, and the difference
in CDF characteristics is deeply reduced, which means that the serious absorption and
scattering impact of turbid seawater type dominates the SNR spatial performance to a
larger extent.
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rations: (a) baseline Lambertian optical beam configuration, (b) LUXEON Rebel non-Lambertian
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Figure 5. CDF of underwater SNR spatial distribution of different water types for distinct optical
beam configurations: (a) the first three water types, and (b) the last water type.

3.2. Effect of Receiver FOV

To investigate the effect of receiver FOV on the performance of UWOC coverage,
three FOV settings, i.e., 30°, 45°, and 60° are introduced to the three UWOC systems
with distinct optical beam configurations in a clear seawater environment, as shown in
Figure 6. In the case of the 30° FOV, only the central domain, i.e., 37.1%, of the receiver
working plane could capture the optical signal, which means that only limited mobility
support could be obtained in this situation for all three optical beam configurations. When
FOV is increased to 45°, only the four limited corner domains fail to capture the expected
optical signal, which means that the coverage could be supported for up to 95.2% of the
receiver working plane for all three beam configurations. Once FOV is increased to 60°,
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Figure 6. Underwater SNR spatial distribution of different receiver FOVs for distinct optical beam con-
figurations: (a) baseline Lambertian optical beam configuration, (b) LUXEON Rebel non-Lambertian
optical beam configuration, and (¢) NSPW non-Lambertian optical beam configuration.

When FOV is increased to 60°, this performance metric will be further reduced to
about 42.96 dB, 42.60 dB, and 44.66 dB, which objectively reflects the SNR loss for the
enhancement of mobility support. Accordingly, the CDF of underwater SNR spatial
distribution of different receiver FOVs for distinct optical beam configurations is shown in
Figure 7.
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Figure 7. CDF of underwater SNR spatial distribution of different receiver FOVs for distinct optical
beam configurations: (a) FOV = 30°, (b) FOV = 45°, and (c) FOV = 60°.

3.3. Effect of Receiver Depth

To investigate the effect of receiver depth on the performance of UWOC coverage,
three receiver depth settings, i.e., 3.0 m, 6.0 m, and 9.0 m are introduced to the three UWOC
systems with distinct optical beam configurations in a clear seawater environment, as
shown in Figure 8. In the case of the 3.0 m receiver depth, the average SNR is about 40.48 dB,
40.11 dB, and 42.18 dB for the baseline Lambertian optical beam configuration, LUXEON
Rebel non-Lambertian optical beam configuration, and NSPW non-Lambertian optical
beam configuration, and the corresponding SNR dynamic range is about 15.71 dB (i.e.,
31.40 dB~47.11 dB), 8.99 dB (i.e., 33.48 dB~42.47 dB), and 24.9 dB (i.e., 28.88 dB~53.78 dB).
Once the receiver depth is increased to 6.0 m, this average SNR metric is reduced to
about 31.04 dB, 27.97 dB, and 35.8 dB for the three configurations under study, while the
corresponding SNR dynamic range is about 5.61 dB (i.e., 27.52 dB~33.13 dB), 1.58 dB (i.e.,
26.87 dB~28.45 dB), and 10.33 dB (i.e., 29.55 dB~39.88 dB). When the receiver depth is
further increased to 9.0 m, this average SNR performance metric will be further reduced
to about 23.08 dB, 19.17 dB, and 28.85 dB, which objectively reflects the superiority of the
NSPW non-Lambertian optical beam configuration against the receiver depth effect.
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Figure 8. CDF of underwater SNR spatial distribution of different receiver depths for distinct optical

beam configurations.

3.4. Effect of Receiver Aperture Size

To investigate the effect of receiver aperture size on the performance of UWOC cov-
erage, four physical areas of PD settings, i.e., 1.0 cm?, 1.5 cm?, 2.0 ecm?, and 2.5 cm?, are
introduced to the three UWOC systems with distinct optical beam configurations in a clear
seawater environment, as shown in Figure 9. According to Equations (5), (14) and (17), the
increase in receiver aperture size will be beneficial to the increase in optical channel gain
for each optical beam configuration. Once the receiver aperture size is increased to 1.5 cm?
from the original 1.0 cm?, the average SNR is enhanced to about 43.98 dB, 43.61 dB, and
45.67 dB, respectively, from the original about 40.48 dB, 40.11 dB, and 42.18 dB of the base-
line Lambertian optical beam configuration, LUXEON Rebel non-Lambertian optical beam
configuration, and NSPW non-Lambertian optical beam configuration. The corresponding
average SNR gain provided by this 0.5 cm? enlargement in receiver aperture size is about
3.50 dB, 3.50 dB, and 3.49 dB, respectively. Furthermore, when the receiver aperture size is
further increased to 2.0 cm? from 1.5 cm?, the average SNR is enhanced to about 46.45 dB,
46.09 dB, and 48.14 dB, respectively, while the corresponding average SNR gain is about
2.47 dB, 2.48 dB, and 2.47 dB for the three configurations under study. Once the receiver
aperture size is increased to 2.5 cm?, the achieved average SNR gain is further reduced to
about 1.92 dB, 1.91 dB, and 1.91 dB for the three beam configurations, which means that
the SNR gain amplitude provided by the aperture size enlargement is gradually reduced
with increasing aperture size.

It is clear that, as shown in this work, the potential non-Lambertian beam configu-
rations provide a novel design dimension, i.e., a spatial optical beam dimension, for the
development of underwater wireless optical communication techniques for future 6G IoT
networks. Specifically, specific non-Lambertian beam configurations with rotational sym-
metry could enhance coverage uniformity, which could reduce the received optical signal
fluctuation for the receiver moving to the coverage cell edge from the cell central area in
underwater environments. In addition, in this work, it is numerically verified that specific
non-Lambertian beam configurations without rotational symmetry could provide unique
coverage performance with spatial selectivity, even azimuth selectivity, which provide the
opportunity and capability to concentrate more coverage intensity and better transmission
quality to certain users, and reduce the waste of optical coverage in meaningless spatial
directions to some extent.
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Figure 9. CDF of underwater SNR spatial distribution of different receiver aperture sizes for distinct
optical beam configurations.

In actual fact, the investigation of 6G underwater IoT networks is still an open topic,
and the 6G communication standards are also under active discussion from the academic
and industry communities. Up to now, almost all explorations of LED-based underwater
wireless optical communications have been limited to the well-discussed Lambertian
beam configurations, which could not guide or support the upcoming 6G communication
standards nor adapt to diverse non-Lambertian underwater application scenarios. They
thus fail to open up novel and exciting research opportunities including underwater
optical beam selection, underwater optical beam management, underwater optical beam
switching, underwater optical beam cooperation, underwater optical beam steering, and so
on. It is clear that this work fills these gaps to some extent and will provide fundamental
support for 6G underwater IoT networks to address challenging application scenarios with
heterogeneous optical beam configurations and utilize novel and attractive optical beam
dimensions to enhance underwater communication performance.

4. Conclusions

This work is motivated by the limitation of the conventional UWOC research paradigm
based on the well-discussed Lambertian optical beam, which could not address the investi-
gations of UWOC systems based on emerging non-Lambertian optical beams. In this work,
commercially available non-Lambertian sources are introduced to configure the UWOC
transmitter, and the corresponding underwater coverage performance is numerically evalu-
ated for future 6G marine IoT environments. In the non-Lambertian UWOC configurations
in question, on the receiver working plane, for up to 90% of receiver positions, the SNR
is more than 38.02 dB, while the corresponding value of the baseline Lambertian UWOC
configuration is just about 36.31 dB. In addition, this performance metric for these two
beam configurations will be ultimately reduced to about 29.21 dB and 27.49 dB, respectively,
once the water type is changed to coastal seawater for the UWOC environment. In future
work, the exploration of non-Lambertian underwater wireless optical communications will
be extended to beam switching, beam combination, dynamic beam configuration, resource
allocation, reconfigurable multiple-input multiple-output, and other enabling techniques.
Moreover, we will push the relevant experimental work forward to illustrate underwater
coverage with distinct optical beam configurations.
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