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Abstract: In recent years, underwater wireless optical communication (UWOC) has become a poten-
tial wireless carrier candidate for signal transmission in water mediums such as oceans. Underwater
signal transmission is impaired by several challenges such as turbulence, scattering, attenuation,
and misalignment. In this paper, we propose an improved-order successive interference cancellation
(I-OSIC) algorithm based on partition space-time block coding (STBC) technology to solve the sub-
channel correlation enhancement problem, which is caused by the combined effects of turbulence and
link misalignment in the underwater optical massive multiple-input multiple-output (massive MIMO)
systems. The partition STBC technology can make the encoded symbols orthogonality of space and
time resist random fading under turbulence environments and fully use the communication link of
the massive MIMO system. Under link misalignment conditions, the receiver detector will receive
multiple beams. The proposed I-OSIC algorithm based on partition STBC can precisely track the
degree of link misalignment error and reorder receiver signals based on the minimum interference cri-
terion. It can use the channel matrix to estimate the interference magnitude of the link misalignment,
and then eliminate the interference successively by demodulating the least interfered signal first.
When the link misalignment error is large, the I-OSIC algorithm can provide a signal-to-noise ratio
(SNR) gain of about 3 dB and provides the same error performance compared with the successive
interference cancellation algorithm based on the received signal power.

Keywords: massive MIMO; turbulence; link misalignment; OSIC; STBC

1. Introduction

In recent years, with the continuous intensification of global climate changes and
the depletion of resources, research on oceanic detection systems has gained significant
attention. With the increase in marine exploration, environmental monitoring, scientific
research, marine safety, and other marine activities, an urgent need has emerged as high-
speed, reliable, and powerful wireless communication technology. At present, underwater
acoustic communication is still the most widely used underwater wireless communication
technology, due to its long transmission distance and tolerance to water turbulence [1].
However, the data rate of underwater acoustic communication systems is still limited to
the kbps level [2]. In addition, sound waves travel through water at a speed of 1480 m per
second, which results in huge delays in underwater acoustic communication systems [3].
Radio frequency (RF) wireless communication technology [4,5] can significantly improve
the data rate and latency of current underwater wireless communication systems. However,
RF signals have excessive propagation loss in water [6,7]. Therefore, the transmission
range of underwater RF systems is severely limited to less than 1 m [8]. Blue and green
light with wavelengths between 450 and 550 nanometers are less attenuated by seawater.
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The underwater wireless optical communication (UWOC) technology based on the blue
and green light bands has the advantages of a high bandwidth and low delay over its coun-
terparts, and can be used as a powerful supplement to underwater acoustic communication
to realize short-distance and high data-rate underwater communication [9].

UWOC has gained a considerable attraction in research fraternity because of its po-
tential to achieve high data rates over medium distances [10,11]. In the past few years,
innovative breakthroughs in UWOC have been driven by light sources with higher power
levels and transmission efficiency, photodetectors with higher sensitivity, and advanced
coding schemes [12]. Laser diodes (LDs) [13,14] and light-emitting diodes (LEDs) [15,16]
are commonly used as optical sources for UWOC applications. Compared with LDs, LEDs
have the advantages of low cost, high power efficiency, and long life, but the narrow mod-
ulation bandwidth of LED limits the improvement of communication rate. To maximize
the improvement of the communication rate, the massive multiple-input multiple-output
(massive MIMO) technologies in the RF-based communication system are applied to the
UWOC system [17].

However, the achievable rate of massive MIMO is limited due to channel correla-
tion [18,19]. In UWOC systems, the problem of channel correlation is crucial due to
the dominant line-of-sight (LOS) component [20]. Therefore, even 16 x 16 MIMO and
36 x 36 MIMO have been considered as massive MIMO systems [18]. Furthermore, the inter-
channel interference (ICI) in underwater optical massive MIMO systems is higher due to
the high spatial channel correlation. In the underwater optical massive MIMO system:s,
an imaging structure can be employed at the receiver side to achieve spatial diversity.
Hemispherical lenses [21] and fish-eye lenses [22] are usually preferred to provide a wider
field of view (FoV) while increasing optical gain, splitting beams, and reducing interference
between different LED beam:s.

In the actual underwater short-range optical communication scenario, the relative
motion caused by ocean currents resulting in the communication link to achieve accurate
alignment is complex. Link misalignment will cause the detector to receive interference
signals from adjacent LEDs, resulting in increased channel correlation. To solve the prob-
lem of aggravated interference between spot arrays, some scholars adopted the scheme of
maximum ratio combining based on successive interference cancellation (MRC-SIC) [23].
However, this scheme is only applicable to such situations where the degree of link mis-
alignment is small. It cannot mitigate the problem of signal loss when the imaging light
spot deviates from the range of the detector under the condition of large link misalighment.

In addition, high power losses and random fading caused by absorption, scattering,
turbulence, and other factors in the underwater environment are also major factors limit-
ing the communication distance and reliability performance improvement of the UOWC
system. To reduce the influence of turbulence on UOWC, spatial diversity technology
can be used [24]. Space-time block coding (STBC) can alleviate the random attenuation
of optical signals in turbulent environments [25]. STBC coding technology can also be
applied to MIMO UWOC systems. The STBC coding technology ensures that the encoded
symbols have orthogonality in space [26]. To reduce the receiver’s complexity, the STBC
coding technology and equal gain combined (EGC) technology can be adopted as viable
approaches [27].

In this paper, our main contributions can be listed as follows.

¢  Establishing an underwater optical massive MIMO system model.

¢ Under the combined effects of turbulence and link misalignment, the underwater
channel model of the underwater optical massive MIMO system is established.

* Animproved-order successive interference cancellation (I-OSIC) algorithm based on
partition STBC is proposed to solve the problem of enhanced interference between
sub-channels caused by the combined effects of turbulence and link misalignment.

*  Based on the characteristic of single offset direction of imaging spot, a SIC algorithm
with a minimum interference sorting criterion is proposed.
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Compared with the the OSIC algorithm based on signal power, it can effectively reduce
the impact caused by the combined effect of turbulence and link misalignment.

The problem of system sub-channel correlation enhancement under the combined
influence of turbulence and link misalignment is considered. Under the combined effects
of turbulence and link misalignment, the underwater channel model of the underwater
optical massive MIMO system is established. An I-OSIC algorithm based on partition STBC
is proposed to solve the problem of enhanced interference between sub-channels caused by
the combined effects of turbulence and link misalignment. Based on the characteristic of
the single offset direction of the imaging spot, the SIC is carried out using the minimum
interference sorting criterion. Compared with the OSIC algorithm based on signal power,
it can effectively reduce the impact caused by the combined effect of turbulence and
link misalignment.

The remainder of this paper is organized as follows. Section 2 describes the underwater
optical massive MIMO system. Then we discuss the channel model under the combined
effects of turbulence and link misalignment. Section 3 proposes the I-OSIC algorithm based
on partition STB. Simulation results and discussions are provided in Section 4. Finally, we
conclude this work in Section 5.

2. System Model

As shown in Figure 1, this paper uses a 16 x 16 MIMO system model for research
and analysis. The transmitter consists of a matrix array of 16 LED light sources, and the
receiver includes a lens group and 16 rectangular detectors. The sixteen LEDs on the
transmitter side are divided into four groups of light sources, and each group of light
sources is composed of four LEDs. The data transmitted by four LEDs in each group of
light sources is encoded by STBC technology, and four light sources transmit four different
signals, respectively. The modulated signal is converted into optical emission through
the LED at the transmitter and the underwater channel. Arrays of lenses separate the
beams between different LEDs at the receiver to reduce correlations between underwater
sub-channels. In addition, the I-OSIC detection algorithm can further reduce the correlation
between sub-channels under the link misalignment.

Figure 1. Model of underwater imaging optical communication system.

2.1. Underwater Optical Imaging MIMO-ACO-OFDM System

Figure 2 shows the block diagram of the system combining STBC coding technology
and OFDM modulation technology. As shown in Figure 2, the system’s transmitter is
composed of N; LEDs, and the receiver of N, detectors. The binary bit stream is subjected
to QAM mapping in order to obtain QAM symbols. The QAM symbols are STBC en-
coded and then modulated by asymmetric clipped OFDM (ACO-OFDM) to obtain OFDM
symbols. Finally, they are converted into optical signals by LED after performing the
clipping process. After receiving the optical signal at the receiver, four large light spots are
obtained by imaging through the imaging lens. The signals received by each detector are
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estimated by channel, and then the detectors covered by light spots are combined using the

EGC technique.
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Figure 2. MIMO ACO-OFDM STBC system block diagram.

The variation of link distance between transmitter and receiver will also affect the
size of the imaging spot. When the communication link is longer, the area of imaging
spot and the distance between different spots will be smaller. On the contrary, if the
communication distance is shorter, the imaging spot area will be larger and the interference
between different spots will be larger. The imaging spot will be affected only when the
communication link size changes to the magnitude of m. Therefore, this paper mainly
analyzes and studies the relatively sensitive horizontal migration of the system.

Under the combined effects of turbulence and link misalignment, the underwater
optical massive MIMO system is not only hindered by random fading but also the image
spot of the receiver will be offset with the direction of link misalignment. The offset
direction of the imaging spot of the receiver is single. Therefore, the beam received by the
edge detector in the opposite direction of the receiver’s spot offset is also single. The I-OSIC
detection algorithm is used for the combined received signal to mitigate the interference
of the previous signal. The receiver demodulates the received signal directly, uses the
direct demodulated signal to finish interference cancellation, and finally demodulates the
remaining signal as its data. As shown in Figure 2, the signal with weaker interference is x,
so the first output is x(;) by direct detection. Signal can be recovered after the estimation of
the signal with stronger interference and subtract it from the received signal y. Therefore,
the next level input can be expressed as h(1)x 1), the second output is x(,), where h;) is the
channel gain between the emitting LED and the i-th detector. The user detection order is a
key point in the I-OSIC signal detection process. Here, the sequencing is performed based
on the signal interference of the detectors. Finally, the received binary bit stream data is
obtained through ACO-OFDM demodulation, STBC decoding, and QAM demapping.

2.2. Underwater Imaging Optical MIMO Channel Model

Seawater contains several inorganic salts, minerals, chlorophyll, etc. These suspended
particles have a scattering effect on the direction of photon motion and an absorption effect
on photon energy. The sum of the two effects represents the total attenuation coefficient
of seawater to light. The simulated environment of the system is the pure ocean water,
the total attenuation coefficient of visible light is ¢(A) = 0.15 [14], and the channel DC gain
hi; of the underwater optical massive MIMO system can be calculated by the following
formula [28]:

by = ni ey (d, ) OB ), )
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where 7; and #, are the LED efficiency of the transmitter and the conversion efficiency of
nD2cos(y) /4

ﬂ(Ltaﬂ(¢]/2)+D[/2)

receiving area of the detector, D; represents the diameter of the collimating lens of the

transmitter, D, represents the diameter of the receiver lens, m is the Lambertian radiation

—In(2) . . .
Tn(cos(gr )7 P1/2 18 the half-power emission angle of the LED, ¢ is the LED

emission angle, ¢ is the incidence angle of the detector, and L is the distance of the system.
The channel matrix H of underwater optical MIMO can be obtained from the calculated

hin -

receiver detector, respectively, A,¢¢(L, ) =

; represents the equivalent

order, m =

channel DC gain, where H =
AN, 1 ANN;

The gain matrix of the underwater optical channel can be obtained through the DC
gain coefficient of the above underwater optical channel, and the signal vector at the
receiver can be expressed as:

y =Hs +n, 2)

where s is the transmitter signal vector, and n is Gaussian white noise with a mean of 0 and
variance of 2.

2.3. Underwater Turbulence and Link Misalignment Channel Model

When the beam propagates in an underwater environment, the underwater turbu-
lence will cause random fluctuation in the amplitude of the illuminated beam during the
propagation process. The random fluctuation of the beam can be approximately equivalent
to the multiplicative interference to the signal. The variation coefficient of the illumination
amplitude under the effect of turbulence can be simulated by the lognormal distribution
probability density function (PDF) [29]:

1

/2 702
20, /27105
where « represents the fading coefficient in turbulent environment, which follows an
exponential normal distribution, expressed as In(a) ~ N(pp,05), pp and o5 denote the

(In(a) —2pp)?
8U§

fla) = ), ®)

exp(—

mean and variance of the normal-distributed. Usually, the scintillation index 1712 is used to
quantify the turbulence strength, which is defined as:

21 _ 2 21 _ 2
2 ElI 1122[11]5 1] _ Ela ]]52[“1]-: ] W

In addition to the influence of turbulence, the underwater optical massive MIMO
system will also be affected by the misalignment. The link misalignment error Ax can be
simulated by the Rayleigh distribution probability density function (PDF) [30]:

Ad?

fiod) = Sl expaz, ©

where Ad is link misalignment error, and ¢ is the variance of link misalignment error.

Figure 3 shows the image spot distribution diagram of the transceiver’s receiver under
the condition of alignment and misalignment. The horizontal offset can be decomposed
into two components of parallel x axis and behavior y axis by geometric decomposition
method. As shown in Figure 3b, link misalignment will cause the receiver detector to
receive multiple light spots simultaneously, leading to enhanced interference between the
sub-channels of the system.
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Figure 3. Image spot distribution diagram at the receiver. (a) Transceiver alignment. (b) The transceiver
link misalignment.

The imaging spot diameter is 2r, which is exactly equal to the detector side length.
The light intensity inside the imaging spot is uniformly distributed. The gap between the
different detectors is small enough.

If the above conditions are satisfied, the area covered by the i-th imaging spot offset
caused by link misalignment in adjacent detectors can be expressed by the following formula:

Si(Ax) = rzarccos(r —

) — (r— Ax)y/2r(Ax) — Ax2, (6)

where r is the radius of imaging spot, Ax = Ad/M, Ax is the distance of imaging spot
offset, and its value obeys Rayleigh distribution, and Ad and M are, respectively, the
relative offset distance of the transceiver and the magnification of the imaging lens of
the receiver.

Then the interference coefficient value is shown as follows:

Si(Ax)
mtr2

ﬁi(Ax ) = hi . (7)

By tracing each light path emitted by the LED light source using ZEMAX software,
the distribution of light spots imaged by the receiver can be obtained. The simulated system
is a 16 x 16 MIMO system compared with the traditional MIMO system, the interference
between imaging spots is larger, and the correlation between channels is higher. This paper
uses the aspherical imaging lens group as the receiver imaging lens [31]. The aspherical lens
can effectively reduce the influence of imaging lens spherical aberration, and using multiple
lenses can effectively separate the interference between the image spots of different LEDs.
Optical path simulation parameters are shown in Table 1.

Table 1. ZEMAX optical path simulation parameters.

Parameters Value
LED wavelength 520 nm
Number of LEDs 16
Number of detectors 16
LED spacing between groups 300 cm
LED spacing within the group 8 mm
LED half-power angle 17°
Communication distance 4m
Number of trace rays 100
Detector side length 3 mm

The data transmitted by the four LEDs in each group of light sources is encoded
using STBC technology, and the four groups transmit four different signals, respectively.
To enable the imaging lens properly, it is preferential to separate the light beams between
other light source groups; the space between the four groups should be much larger than
the LED space inside each group of light sources. The receiver detector can divide the
received optical signal into four large light spots through the imaging lens, and each large
light spot covers multiple detector arrays.
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Figure 4 shows the distribution of imaging light spots at the receiver. The spacing
between each spot is about 3.2 mm, and the imaging lens groups can effectively separate the
beam between different LEDs. Figure 5 shows the channel matrix of the underwater optical
massive MIMO system obtained by ZEMAX. Since the underwater optical MIMO system
uses an imaging lens at the receiver, the light spots formed by different LEDs at the receiver
are separated by the imaging lens for the underwater optical MIMO system. The diagonal

elements of the channel matrix are much larger than the off-diagonal elements.
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Figure 4. Image spot pattern at the receiver.

437.5291 |3.922084
382.4088 14.177742
4433921 13847394
422.6583 |3.719739
3.546528 | 498.0096
3.027446 | 390.8742
3301201 14343137
3.683679 |358.892

4.471014 | 2.305747
4.617022 12.081271
4944418 12.634092
3.739594 | 2.469012
2.715538 |4.406803
2.614769 | 4.274322
2935921 | 4.56244

2.162918 !3.150722

253172

3.197408
3.538015
2.569376
59.65314
80.66792
59.40322
4436158
3.921721
3.491862
2383247
3.180537
6.847417
9.563758
9.302183
8.204825

7.676951
7.923791
7.154806
7.754294
20.19507
19.54562
29.48649

6.254973
5.29969

4.156733
4.581116
5.547001
8.761328
9.682791
10.71954

9.082085 | 8.758051
8.175575 1 9.613385
8.324098 | 7.817404
6.836185 I 7.100477
50.30214 | 5.551396
42.53321 | 6.254451
63.63582 | 4958228
69.28534 I 5.044864
3.320142 | 25.91576
3.594907 | 24.09026
4275208 117.24545
3.995945 | 19.69647
4.587582 | 7.165933
4.817489 | 5.765724
4.638508 | 6.927579
5.511966 ! 8.433511

4.441867
5.099326
4.978755
5.097915

4.965786

4.396594
3.577599
4.769988
4.134619
3.00171

3.883233
3.961726

2.397137
2.233808
2.658336
2.836006
66.55678
76.2922

58.92139
40.51259

327.1984
416.5778
4813178
385.7889

6.326391
6.38221 420113
9.562167 3.044972
7.493169 4.19623

2979703

x1073

7.740248 | 3.941051
9.019573 | 2.731964
8.949272 | 3.669157
8.316189 | 3.080785
2.923429 1 7.963414
3.183376 l 11.07257
3.477513 | 10.32694
3.597471 | 8.164327
71.09661 | 3.696021
59.64781 ! 4.151676
65.70325 | 3.430088

3.791993 | 84.57091
3593593 | 6725554
3.958494 | 59.101

4.217274 | 60.85465

Figure 5. Channel gain matrix with transmitter and receiver aligned.
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Through the imaging lens at the receiver and the EGC combining technology, the sys-
tem can be equivalent to a 4 x 4 MIMO multiplexing system. The imaging lens and the EGC
technology can reduce the dimension of the underwater optical massive MIMO system.
It can be observed from the channel matrix shown in Figure 5 that the 16 x 16 matrix is
divided into 16 channel matrices. The imaging lens makes the correlation between each
channel matrix low, which can be equivalently expressed as follows:

H = H; (X) Hy, (8)
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H(Ax)

2155 by,

where Hj is the channel matrix of the group using STBC coding, and Hj is the channel
matrix between different groups. Due to the short distance between the LEDs in the
light source group using STBC coding, the imaging lens cannot separate the beams of
other LEDs, so H;j can be regarded as a matrix with a high correlation of spot aliasing,
and Hj is the channel matrix between different groups. The imaging lens has a better
beam-separation effect between other light source groups, so the correlation of matrix Hp
is low. Its diagonal elements are much larger than off-diagonal elements. The channel
matrix H with low correlation between the matrix blocks on the diagonal and the matrix
blocks on the off-diagonal is obtained by calculating the Kronecker product of Hy, Hy.
The dimensionality reduction processing of the system by the block can effectively reduce
the channel correlation.

The correlation of the channel gain matrix H can be represented by the channel
condition number k = ||[H|||[|[H!|| [20]. Figure 6 shows the relationship between the
number of channel gain matrix conditions and the offset generated by the horizontal offset
of the receiver and transmitter. The condition number of H increases with the relative offset
of link misalignment error. When the number of channel conditions is small, the interference
between the signals at the receiver is small and can be obtained by direct demodulation.
With the increase of the degree of link misalignment, the number of channel gain matrix
conditions also increases. When the number of channel conditions is large, the interference
between signals is high, and the system cannot directly demodulate signals.

14 T T T T T T
‘ ==& Number of channel matrix conditions ‘

12

Number of channel matrix conditions

& = B

O Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18 20

Link misalignment error (mm)

Figure 6. The conditions number of H versus the link misalignment error Ax.

Through the imaging lens at the receiving end, the light beams from different LEDs
are separated, and the elements on the diagonal of the channel matrix are much larger than
those on the non-diagonal. At this time, the interference between different LED beam:s is
mainly caused by spot mobility caused by link misalignment. Different directions of spot
mobility will cause the detector to be interfered with by other spots. Taking Figure 3b as an
example, the channel matrix can be represented as follows:

h11 1

7Tr

: , ©)
SN, —2(Ax
B2 -2) B (N1 (1)
Sn,—1(Ax)
hov-yN-1)—r— BN,
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Lingex = argmax

where the value of the ignored element in the channel matrix H after the beam is separated
by the imaging lens is much smaller than the value that is not ignored. S; represents the
size of the image spot area of the i LED on the detector at the receiver. N; and N, represent
the number of LEDs at the transmitter and the number of the detector at the receiver.
Considering the joint effect of turbulence and link misalignment, the turbulence
random attenuation coefficient « is substituted into Equation (9), and the channel matrix
can be expressed as follows:
H(Ax) = aH(AX). (10)

3. Improve Order Successive Interference Cancellation Algorithm Based on
Partition STBC

In this paper, the Alamouti STBC algorithm is used to substantially reduce the impact
of turbulence on system reliability. EGC technology can be adopted for signal combining
processing at the receiver [27] to further reduce the complexity of the receiver component
of the system.

STBC-EGC technology can effectively reduce the complexity of adopting the STBC
coding system. This paper applies STBC-EGC technology to the underwater optical mas-
sive MIMO system, improving system reliability and communication capacity through
block processing.

In the actual underwater environment, the underwater optical massive MIMO system
is not only affected by the random attenuation of the optical signal caused by turbulence but
also affected by the imaging spot deviation of the receiving end, caused by the misalignment
of the receiving end. The correlation between system sub-channels increases with the
increase of link misalignment errors. In case of high correlation of sub-channels, the system
cannot demodulate the signal directly, so the MIMO detection algorithm is needed for
signal detection.

To eliminate interference between array signals, the order successive interference
cancellation (OSIC) algorithm is suitable for canceling interference between signals succes-
sively. The channel demodulation sequence of the traditional OSIC algorithm is mainly
sorted according to receiver signal power.

Under the combined effect of underwater turbulence and link misalignment, receiver
signals are arranged in power levels. The channel matrix of Equation (10) is used to sum
the elements in each row of the matrix and sort them. The following formula can express
the sorting index of the OSIC algorithm:

h1
Iy +hp -+ iy, 1 2% + o
: = argmax : . (11)
AN, + N - A N —1 h(N,—2)(Ny—2) % +h(N—1)(N,—1)
L v e

As shown in Equation (11), the sorting index of OSIC will preferably demodulate
signals with higher receiver signal power. For the underwater optical massive MIMO
system under the combined effect of underwater turbulence and link misalignment, OSIC
demodulation priority is given to the signals with the most interference from adjacent
beams. Therefore, based on the traditional OSIC algorithm, we propose an I-OSIC algorithm
based on minimum permutation of interference. Channel matrix H is obtained through
the channel estimation algorithm. The difference processing of diagonal elements in each
row of elements in channel matrix H and other elements is performed to obtain AH. AH
is expressed as follows:
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h1y
Iy —hpp - — hzz—hn%
: = argmax : . (12)
hnoN, — BN - — BN -1 hny—1)(N,—1) — Bny—2) (N, —2) SZ;EZ
I R =

Formula (12) is used as the signal demodulation sequence index, and the signal with
the least interference can be preferably selected for demodulation.

4. Simulation Result Analysis

Figure 7 shows the relationship curve between the condition number of the channel
matrix and the degree of link misalignment under the combined effect of weak underwater
turbulence and link misalignment. With the increase of the relative offset of the transmitter
and receiver, the condition number of the channel matrix also increases. By dividing the
underwater optical massive MIMO system into blocks and using the diversity technique,
the correlation of the channel matrix can be effectively reduced. In contrast, the dimension
of the channel matrix is reduced.

14 T T T T ‘

Block diversity reconstruction matrix
The channel matrix is not reconstructed

Number of channel matrix conditions

O Il Il Il Il Il Il
0 2 4 6 8 10 12 14 16 18 20

Link misalignment error (mm)

Figure 7. The conditions number of H versus the link misalignment error Ax in turbulent environment.

After using the block diversity technique, the condition number of the channel matrix
is reduced, but the channel correlation is still increasing with the increase of the link mis-
alignment error. In addition, in the case of large link misalignment, part of the received
optical signal will be lost. Figure 8 shows the distribution of imaging spots under different
link misalignment degrees. By applying diversity techniques to the underwater optical
massive MIMO system blocks, the imaging within the same diversity combination can
be combined into a large spot. Figure 8a shows the spot distribution when the link mis-
alignment degree is small. Due to the adopted block diversity technology, the correlation
between sub-channels in the same diversity combination does not need to be considered.
Only the correlation between different diversity blocks needs to be considered, so the
dimension of the channel matrix of the underwater optical massive MIMO system can be
reduced, and the correlation between sub-channels is further reduced.



J. Mar. Sci. Eng. 2023, 11, 547

11 0f 16

)
)

N
I J
SeNCD
I\ s
eses
_\ )\

Y
( )\

(a b)

Figure 8. Schematic diagram of imaging spot distribution under different link misalignments. (a) The
degree of link misalignment is small. (b) The degree of link misalignment is large.

Figure 9 shows the BER curves of systems with different diversity orders in a weak
turbulent environment. As shown in Figure 9, when the BER of 4 x 4 STBC encoding
STBC is 2 x 2,the SNR of the 4 x 4 STBC encoding system is improved by about 5 dB
compared with the 2 x 2 STBC encoding system. The higher the diversity order, the higher
the system’s resistance to fading caused by turbulence.

100 T T T T T
—— alz=0.1484, Alamouti(Tx:2,Rx:2)

10k —#— 5701484, Alamouti(Tx:4,Rx:4) | -
L

1072
3

1078

BER

10

10®

106

12

SNR(dB)

Figure 9. BER curves of systems with different diversity orders under weak turbulence conditions.

Figure 10 shows the BER curves of the 4 x 4 STBC coding system under different
turbulent current environments. The multiplexing system using part of the 4 x 4 STBC
coding has an SNR of about 10 dB in a strong turbulent environment. This system is
based on an underwater optical massive MIMO system, and some communication links
adopt diversity technology, further improving the system’s effectiveness by ensuring the
system’s reliability.
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Figure 10. BER curves of 4 x 4 STBC coding system under different turbulent environments.

This paper uses 4 QAM ACO-OFDM modulation to simulate the underwater optical
massive MIMO system. The main simulation parameters are shown in Table 2. The sim-
ulation environment is a coastal seawater environment, and its underwater visible light
attenuation coefficient is about 0.15.

Table 2. Simulation parameters of underwater optical massive MIMO system.

Parameters Value
Subcarrier number 128
Number of OFDM symbols 1000
Diameter of the receiving lens 30 mm
LED spacing within the group 8 mm
Attenuation coefficient of underwater visible light 0.15
Communication distance 4m
Receiver detector conversion efficiency 0.95
Transmitter LED conversion efficiency 0.1289

Figure 11 shows the simulation diagram of the BER of the system when the link
misalignment error is small. Figure 12 shows the simulation diagram of the BER of the
system when the link misalignment error is large. As the horizontal deviation error caused
by the misalignment of the receiver and transmitter increases, the interference between
the two adjacent columns of light spots also increases. As the OSIC algorithm based
on minimum interference sorting is used to detect and sort based on the minimum link
misalignment interference criterion, when the link misalignment error is small, the diagonal
element of channel matrix H is much larger than the non-diagonal element. At this time,
Equation (12) is simplified to sort and detect according to the size of the diagonal element.
Therefore, when the horizontal migration error is small, the OSIC algorithm based on
minimum disturbance sorting and the I-OSIC algorithm have similar BER performance.
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Figure 11. Receiver and transmitter aligned system BER performance.
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Figure 12. System BER performance when the link misalignment error is 18 mm.

The channel correlation also increases with the relative offset error of the receiver and
transmitter. At this time, SVD precoding has limited improvement on the system error
performance in the poor channel environment. Aiming at the problem of misalignment of
the receiver and transmitter, the I-OSIC algorithm is proposed in this paper. Compared
with the traditional OSIC algorithm based on receiver power sorting, the BER performance
of the system is improved to a certain extent.

As shown in Figure 13, the system BER varies with the link misalignment error. When
SNR is 13 dB, the I-OSIC algorithm has the best BER performance under the same link
misalignment error. Compared with the traditional MIMO detection algorithm, the I-OSIC
algorithm has better detection performance under the condition of link misalignment.
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Figure 13. The system BER versus the link misalignment error when SNR is 30 dB.

5. Conclusions

This paper studies the enhancement of sub-channel correlation caused by the combined
effect of underwater turbulence and link misalignment for the transmission of optical
signals in the underwater optical massive MIMO systems. Considering the combined effects
of turbulence and link misalignment separately, the [-OSIC algorithm based on block STBC
interference minimum ordering is proposed. The STBC technology can effectively resist the
random fading of optical signals in turbulent environments. However, to reduce the channel
correlation under link misalignment, all antennas in the system need diversity techniques,
consequently leading toward the waste of communication resources. The I-OSIC algorithm
based on block STBC is proposed in this paper, which divides massive MIMO systems into
different groups and uses diversity technologies, respectively. The I-OSIC algorithm can
adopt other receiver signal-sequencing detection schemes according to the different degrees
of link misalignment. Even when the degree of link misalignment is large, I-OSIC can adopt
the receiver signal-sequencing detection scheme with minimum interference, according
to the degree of link misalignment, to reduce the correlation of the channel matrix and
improve the BER performance of the system.

The [-OSIC algorithm proposed in this paper mainly aims at the light spot migration
caused by link misalignment, so that the same detector will receive light signals from
multiple light spots. However, when the link misalignment is large enough, the light
spot will deviate from the receiving limit range of the detector. At this time, the detection
algorithm can no longer solve this problem, so it is necessary to solve this problem by other
means, such as increasing the receiver field angle, increasing the detector array, etc.
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