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Abstract

:

In the past few years, underwater wireless optical communication (UWOC) has become a promising wireless communication technology in the underwater environment. Aiming at the problem formulation of sub-channel correlation enhancement occurring due to the joint impact of underwater link misalignment and turbulence in the process of optical signal transmission in an underwater optical massive multiple-input multiple-output (MIMO) system, we propose an adaptive diversity approach depending on partition space time block code (STBC). STBC technology is used to reduce the random fading of optical signals caused by turbulence. At the same time, the channel correlation occurring due to channel misalignment is effectively alleviated by adaptive processing. The adaptive diversity algorithm based on segmented STBC effectively improves the reliability and decrease complexity of underwater optical Massive MIMO communication systems. It determines the particular link misalignment degree by the channel gain matrix obtained from the channel estimation and selects different combinations of detectors according to the degree of misalignment to obtain the maximum gain of the received signal combination. Compared with the chunking scheme, simulation and result shows that the adaptive diversity algorithm improves the tolerance of the system to the link misalignment error from 30 mm to 60 mm under the same condition number of channel gain matrix, and it can still demodulate the source signal directly without requiring detection algorithm in case of a large error in the link misalignment.
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1. Introduction


In the past few years, with the rapidly expanding of the diminution of resources, people have shown a remarkable attention to the research of ocean monitoring, observation and exploration systems. With the expansion of marine security, scientific research activities, environmental monitoring, exploration, and other application activities in the underwater environment, reliable, robust, secure, high-speed wireless communication technology is urgently needed. Currently, underwater acoustic is the most extensively utilized underwater wireless communication technology because of its key potentials of moderate tolerance to water turbulence and long transmission distance [1]. Nevertheless, the data rate of underwater acoustic communication is severely restricted to kbps. Moreover, acoustic signals propagate through water at a speed of 1480 m per second. Consequently, they suffer from long propagation delays [2]. Furthermore, radio frequency (RF) [3] can significantly reduce the latency. Nevertheless, RF waves are prone to excessive propagation loss in underwater environment. Therefore, underwater RF systems typically have a limited operating distance up to 1 m [4]. Similarly, blue and green light with a wavelength between 450 nm and 550 nm is relatively attenuated by seawater. Thus, blue and green light band-enabled underwater wireless optical communication (UWOC) technology has the practical benefits and distinct potential of low delay and high bandwidth, which can be considered as a promising alternative to underwater acoustic communication to achieve high-rate and short-distance underwater communication [5].



UWOC has attained substantial interest worldwide from both academia and industrial communities due to its key feature of attaining high data rates over short distances [6,7]. In the previous few years, breakthrough novelties in UWOC have been witnessed through optical sources with higher transmission efficiency and power levels, higher sensitive photodetectors, or advanced coding schemes [8]. Laser-diodes (LD) [9,10] and light-emitting diodes (LEDs) [11,12] have been utilized for various UWOC applications. Contrasted with LD, LED offers the unique benefits of long service life, high power efficiency, and low cost, but LED’s narrow modulation bandwidth is the main limitation to developing high data-rate communications. To effectively secure high data-rate communications, the Massive MIMO technology in the RF-aided communication system is implemented in underwater wireless communication systems [13,14,15].



However, the achievable rate of Massive MIMO is severely restricted by the channel correlation [16,17], and the crucial issue of channel correlation is more critical because of the dominant LOS component [18]. Consequently, even 16 × 16 MIMO and 36 × 36 MIMO are considered Massive MIMO because they indicate high channel correlation, leading towards a very high condition number of the channel gain matrix [19]. Similarly, high spatial channel correlation causes a higher inter-channel interference (ICI) in underwater optical Massive MIMO systems. Channel correlation can be effectively reduced by spatial modulation and modulation of transmitter power [20]. In such systems, spatial diversity is achieved by adopting imaging structure at the receiver. In general, hemispherical lenses [21] and fisheye lenses [22] are used to support a wide-open field of view (FoV) while splitting beams, decreasing interference between various LEDs and maximizing optical gain.



In the real-time short distance underwater optical communication environment, the relative mobility occurring due to ocean currents is highly complicated for attaining precise alignment. Link misalignment will allow the detector to get interference signals from adjacent LEDs, consequently leading to enhanced channel correlation. Adjusting the size of the receiving aperture or the order of the multiple quadrature amplitude modulation (M-QAM) can effectively reduce the influence of interference caused by pointing error [23]. To overcome the challenge of aggravated interference between spot arrays, the approach of maximum ratio combining using successive interference cancellation (MRC-SIC) was considered [24]. Nevertheless, the approach can only be implemented in such conditions with a small degree of link misalignment.



Additionally, random fading and high power loss occurring due to turbulence, scattering, absorption and other prominent elements are major concerns restricting the reliability performance improvement and communication distance of the UOWC system. There have been studies on turbulent channel models in free space optical communication (FSOC). The underwater turbulence channel model has some similarity with atmospheric turbulence [25,26]. To mitigate the effect of turbulence on UOWC, some approaches such as spatial diversity techniques can be utilized [27]. STBC is usually considered to overcome the random fading occurring due to turbulence in UWOC systems [28]. This technique is also widely used in MIMO-UWOC systems. The STBC technique makes the coded symbols orthogonal in space and time, simplifies the decoding process of the received symbols and reduces the complexity of the symbol decoding [29]. The combination of STBC technique and equal gain combining (EGC) technique [30] can further decrease the complexity of the receiver. In [31], an improved order successive interference cancellation (I-OSIC) algorithm based on the partitioned STBC technique is proposed. However, with a large degree of channel misalignment, if the detectors at the receiver side are combined in a group of four chunks, it rather enhances the interference between the signals. Moreover, using the detection algorithm at the receiver side increases the complexity of signal detection.



In this paper, a partition STBC adaptive diversity algorithm is proposed for the joint effect caused by link misalignment and turbulence. The signal can be effectively detected at the receiver side using a low-complexity detection algorithm. The adaptive diversity algorithm depending on partition STBC reduces the influence of random attenuation of optical signal occurring due to turbulence on system reliability by sacrificing part of the communication links, and also reduces the influence of aggravation of inter-channel interference caused by link misalignment. Our main contributions are summarized in the following:




	
The imaging spot displacement phenomenon caused by the combined effect of turbulence and link misalignment can cause interference to adjacent detectors in a Massive MIMO system. To address this issue, we propose a signal adaptive diversity system in a Massive MIMO system, in which the signals received by different detectors are combined according to the size of the interference.



	
Based on the optical Massive MIMO adaptive diversity system, we propose an evaluation model and a method to judge the degree of link misalignment. The optimal merging scheme can be found by this method.



	
Further, we propose an adaptive diversity algorithm in the adaptive diversity system and the optimal merging model, in which the receiver adopts EGC combining technology to combine the signals received by different detectors according to the size of the interference. It will resist the effects of the joint effects of turbulence and link misalignment.








The rest of this paper is organized as follows. In Section 2, we provide a MIMO-ACO-OFDM based underwater imaging optical system and underwater imaging optical MIMO channel model. The adaptive diversity algorithm model is presented in Section 3. The simulation result analysis is presented in Section 4. Our conclusions are presented in Section 5.




2. System Model


In this paper, an underwater 16 × 16 MIMO system is established, where the transmitter contains an array of 16 LED optical sources, and the receiver is based on 16 rectangular detectors as well as a lens group. The modulated signal is transformed to an optical signal through an LED transmitter, and it is passed through the underwater channel; the light beam between different LEDs is separated through the lens group at the receiver to reduce the interference between different beams. As shown in Figure 1, the rectangular array light source is located at the origin  o  and parallel to the   y o z   plane of the coordinate system. Under the condition of alignment between the transmitter and receiver, the central axis of the transmitter and receiver is parallel to the x-axis, and the communication distance is 4 m.



2.1. MIMO-ACO-OFDM Based Underwater Imaging Optical System


The 16 LEDs at the transmitter of the system are categorized into four groups of optical sources, and every group contains four LEDs. The STBC technology is used for encoding the data transmitted through each group of four LEDs, and four different signals are transmitted through four groups of optical sources, respectively.



The block diagram shown in Figure 2 represents the system combining orthogonal frequency division multiplexing (OFDM) modulation and STBC technology. As illustrated in Figure 2, the transmitter of the system is based on    N t    LEDs and the receiver    N r    detectors. The binary bit data stream is constrained by quadrature amplitude modulation (QAM) mapping. These QAM symbols are encoded by STBC technology and then asymmetric clipped OFDM (ACO-OFDM) is used for modulation to attain OFDM symbols. At the end, they are transformed into an optical signal using LED after performing a clipping process. When the optical signal arrives at the receiver, four large optical spots are attained by imaging using an imaging lens. The multiple detectors covered by each light spot are combined using EGC technology, and the combined data is obtained after demodulation by ACO-OFDM. Finally, through STBC decoding and QAM demodulation, the received data stream is obtained.




2.2. Underwater Imaging Optical MIMO Channel Model


Seawater includes different chlorophyll, minerals, inorganic salts, etc. These particles pose an absorption impact on photon energy and an impact on the direction of photon mobility. The combined effect of these two indicates the total attenuation coefficient for underwater optical signal transmission. We consider clear ocean water for the simulation task, where we consider   c ( λ ) = 0.15   as the total attenuation coefficient of visible light. The channel DC gain    h  i j     can be measured by the given numerical expression [32]:


   h  i j   =  η t   η r   A  e f f   ( d , ψ )   ( m + 1 )   cos  m  ( ϕ )   2 π   exp ( − c ( λ ) L )  



(1)




where    η t    represents the transmitter efficiency and    η r    represents the conversion efficiency of the receiving detector. The equivalent receiving area of the detector is    A  e f f   ( L , ψ ) =   π  D r 2  cos ( ψ ) / 4   π    (  L tan (  ϕ  1 / 2   ) +  D t  / 2  )   2     , and the diameter of the transmitter collimating lens is    D t   , while the diameter of the receiver lens is    D r   ,  m  is the Lambertian radiation order,   m =   − ln 2   ln ( cos  ϕ  1 / 2   )    , the half-power emission angle of the LED is    ϕ  1 / 2    , LED emission angle is  ϕ ,  ψ  represents the angle of incidence of the detector, and  L  is the communication distance. The channel gain matrix   H   is achieved through the calculated channel DC gain, where    H  =  [       h  11      ⋯     h  1  N t         ⋮   ⋱   ⋮       h   N r  1      ⋯     h   N r   N t         ]   .



The channel gain matrix is achieved by the DC gain coefficient, and we can express the receiver’s signal vector as:


   y  =  H s  +  n   



(2)




where   H   is a    N r  ×  N t    channel gain matrix,   s   is a    N t  × 1   signal vector of transmitter,   n   denotes    N r  × 1   Gaussian white noise with variance of    σ n 2    and a 0 mean.




2.3. Underwater Link Misalignment and Turbulence Channel Model


When the optical beam is transmitted through underwater media, the underwater turbulence will introduce random fluctuation in the optical signal’s amplitude while signal propagation [33]:


  f ( α ) =  1  2 α   2 π  σ ρ 2      exp  (  −      (  ln  ( α )  − 2  μ ρ   )   2    8  σ ρ 2     )   



(3)




where  α  indicates the fading coefficient caused by turbulence, which obeys an exponential normal distribution, represented as   ln ( α ) ∼ N (  μ ρ  ,  σ ρ 2  )  ,    μ ρ    and    σ ρ 2    represent the mean and variance of the normal-distribution. The article adopts standard normal distribution with a mean and a variance of 0 and 1, respectively. In general, the scintillation index    σ I 2    is considered to quantify the turbulence impact, which can be expressed as:


   σ I 2  =   E [  I 2  ] −  E 2  [ I ]    E 2  [ I ]   =   E [  α 2  ] −  E 2  [ α ]    E 2  [ α ]    



(4)







In addition to the impact of turbulence, the UWOC system also suffers from the misalignment between transmitter and receiver. The link misalignment error   Δ x   caused by the misalignment of the receiving and starting terminals can be determined by the Rayleigh distribution PDF [34]:


  f ( Δ d ) =   Δ d    σ 2     e  −     ( Δ d )  2    2  σ 2       



(5)




where link misalignment error is expressed as   Δ d  , and    σ 2    represents the variance of the link misalignment error. According to the maximum link misalignment error defined in the article,    σ 2  = 400     mm  2   .



Figure 3 shows the image spot distribution representation of the receiver under alignment and misalignment scenarios. The relative offset generated by the transceiver in the   y o z   plane is divided into two parts of parallel x-axis and y-axis through the geometric decomposition technique. As shown in Figure 3b, the receiving detection will obtain various optical spots at the same time due to link misalignment, which will lead to increased interference between the MIMO system sub-channels.



In order to better describe the image spot distribution under transceiver alignment and misalignment scenarios, we made the following assumptions: (1) The diameter of the imaging spot is equal to the length of the detector side, and the diameter is   2 r  , and the imaging spot covers the detector when the transceiver is aligned; (2) The light intensity within the image spot is uniformly distributed; (3) There is a small gap between various detectors. When the link misalignment occurs, the image spot will illuminate adjacent detectors, causing interference.



By tracking each light path of the LED source through ZEMAX software, we can obtain the light spot distribution at the receiver. Because the simulated system is a 16×16 MIMO system with a larger scale than the conventional MIMO system, the channels’ correlation is higher and the interference between imaging spots is larger. In this study, the aspherical imaging lens group is used as the receiver imaging lens [29]. The impact of imaging lens spherical aberration can be significantly reduced by the aspherical lens, and various lenses can be used to efficiently separate the interference between the image spots of various LEDs. Table 1 represents the simulation parameters of the optical path.



Figure 4 represents the imaging light spot distribution at the receiving end. Each spot is separated with a spacing of about 3.2 mm, and the beams between different LEDs are effectively separated by the imaging lens groups.



Figure 5 represents the relation between the condition number of channel gain matrix and the offset due to the relative offset of the transmitter and receiver in the   y o z   plane, which is expressed by the condition number of channel gain matrix   k =  ‖  H  ‖   ‖    H   − 1    ‖    [25]. The condition number of channel gain matrix increases when the relative offset of the transmitter and receiver is increased. When the condition number of channel gain matrix is small, the interference between the receiver signals is also small and can be achieved through direct demodulation. By increasing the degree of link misalignment, we notice an increase in the condition number of channel gain matrix; meanwhile, the interference becomes high, and direct demodulation of the signals cannot be performed.



The optical beams from various LEDs are separated by using the imaging lens at the receiver side. However, when the link misalignment appears, the interference between different LED beams usually becomes more and more severe because of spot migration, in which the diagonal elements are much larger than the non-diagonal elements of channel matrix. So, the channel gain matrix can be expressed as follows:


   H  =  [       h  11                      h  11      S 1    π  r 2         h  22                       ⋱                   h     (  N t  − 2 ) (  N r  − 2 )        S  (  N t  − 2 )     π  r 2         h  (  N t  − 1 ) (  N r  − 1 )                      h     (  N t  − 1 ) (  N r  − 1 )        S  (  N t  − 1 )     π  r 2         h   N t   N r         ]   



(6)




where    S i    indicates the image spot size of the   i − t h   LED on the detector.    N t    and    N r    refer to the number of LEDs at the transmitting end and total number of detectors at the receiver, respectively.



Considering the combined impact of link misalignment and turbulence, we can substitute the turbulence random attenuation coefficient   α   into Equation (6), and the channel gain matrix can be obtained as:


    H ^   =  α H   



(7)









3. Adaptive Diversity Algorithm Model


In this study, the block diagram of the adaptive diversity system is shown in Figure 6. At the transmitter side, the data are processed with block STBC coding and ACO-OFDM modulation. At the receiving end, adaptive diversity processing is applied to the received signal, and finally the signal is demodulated and decoded to restore the data. We use the Alamouti STBC algorithm to decrease the influence of turbulence on reliability of the system. To further decrease the complexity of the system receiver, EGC technology is used for the signal merging process at the receiver [27].



The traditional   N × N   STBC decoding is carried out through the following formula:


   c ^  = arg min | | (   r ˜  1  +   r ˜  2  … +   r ˜  N  ) − (  ρ 1  +  ρ 2  … +  ρ N  )  c ^  |  | 2  ,  c ^  ∈ C  



(8)




where   c ^   is the decoded signal,     r ˜  i    is the received signal of the   i − t h  , and    ρ 1    is the channel gain coefficient of the   i − t h   signal.



EGC technology is adopted for combining the received signal, that is,   N × N   STBC is simplified into   N  × 1    STBC, and the decoding process is simplified as follows:


   c ^  = arg min | |  r ˜  − ρ  c ^  |  | 2  ,  c ^  ∈ C  



(9)




where   r ˜   represents the received signal after combining, and  ρ  is the combined channel gain coefficient.



Under the condition of the same signal power at the transmitting end, STBC coding technology is adopted for some antennas of the large-scale MIMO system by block diversity algorithm. The orthogonal property of the STBC code symbol in time and space is used to reduce the influence of underwater turbulence on the system. The STBC-EGC technique effectively reduces the complexity and improves the system reliability and communication capacity using block processing. In this paper, the influence brought by turbulence is reduced by partition STBC.



As shown in Figure 3a, there are 16 LEDs at the transmitter side. Categorize 16 LEDs into four groups of light sources, and each group of optical sources based on four LEDs. The STBC technique is used to encode the data transmitted by the four LEDs in each group, and the four groups of optical sources respectively transmit four different signals to form a   16 × 16   Massive MIMO communication system. Therefore, the communication links are divided into four parts; each part transmits different communication data, and the communication links in each part adopt STBC-EGC technology. However, the light spot obtained by imaging will be offset along with the relative offset error of the transceiver. For the large degree of link misalignment, when the light spot is completely distributed on the adjacent detectors, it is difficult to select and combine the received signal of the receiver.



Different relative misalignment directions of the transceiver will lead to the offset direction of the receiver’s imaging spot. The detector will be interfered with different spots, and the channel increment matrix will also change. The relative offset direction of the receiving and sending terminal is estimated through the channel gain matrix. In this paper, the channel gain coefficient is estimated by least square (LS) channel estimation, and the estimated channel gain matrix is used to trace the direction of spot migration. The tracking criterion is shown as follows:


   ρ ^  =   max   1 ≤ j ≤  N t    (  h  i j   /   h ¯  i  )  



(10)




where    h i    is the channel gain of the row   i − t h   in channel gain matrix   H  , and     h ¯  i    is the mean of channel gain of row   i − t h  . When    ρ ^  ≥ 0.3   is established, the link misalignment is serious and the receiver detector needs to be selected and merged. The channel gain matrix is obtained by channel estimation and the LED combination set of transmitter diversity is obtained by using the adaptive diversity algorithm proposed in this paper. The adaptive diversity algorithm is expressed as follows (Algorithms 1):



	Algorithms 1: Adaptive diversity algorithm.



	Input: Channel estimation obtained channel gain matrix    H ^      ,   Transmitter   diversity   LED   combination     T   4 × 4    .

Output: Diversity Combine index set   R  .

Initialization: Link misalignment threshold     ρ ^   10   = 0  , Diversity Combine index set    R 0  = ∅  , index set    l 0  = ∅  ,   r = 1  ,   t = 1  ,   i = 1  ,   j = 1  .

Loop Steps 1–3:

Steps 1: Find the footer   r t   corresponding to the element    h  r t     in row   r     h r    of the channel gain matrix of the channel gain matrix    H ^    whose misalignment threshold satisfies     ρ ^   r t   ≥ 0.3  , which is   r t =   { arg max   t = 1 , ⋯  N t    (  h  r t   /   h ¯  r  ) ≥ 0.3 }  .

Steps 2: Updating the index set    l r  =   { r t | arg max   t = 1 , ⋯  N t    (  h  r t   /   h ¯  r  ) ≥ 0.3 }    ,   r = r + 1  .

Steps 3: If   r >  N t   , Break; Else, Continue.

Loop Steps 4–6:

Steps 4: Updating the index set    R j  =  l i  ∩  T j     ,   i = i + 1  .

Steps 5: If   i >  N r     ,   j = j + 1    ,   i = 1  ; Else, Continue.

Steps 6: If   j > 4  , Break; Else, Continue.








So, according to the adaptive diversity scheme, the imaging spot distribution under different degrees of channel misalignment is shown in Figure 7. By implementing diversity technology in the Massive MIMO system blocks, the imaging under the similar diversity combination is joined into a large spot. Figure 7a represents the spot distribution under a small degree of link misalignment. Because of the block diversity technique used, the correlation between same diversity combination sub-channels does not need to be considered; only the correlation between different diversity blocks should be taken into account. In this way, the dimension of the channel gain matrix of Massive MIMO system is decreased along with reduction in the correlation between sub-channels. As shown in Figure 7b, due to the increase of the link misalignment degree under large link misalignment, the block diversity technology of the receiver detector cannot bring signal merging gain but strengthens the interference between signals. Therefore, it is necessary to adopt different diversity schemes for different link misalignment degrees.



In addition, we can take a single offset direction as an example as shown in Figure 7b. For the interference caused by link misalignment, only the spot interference on the detectors numbered 5, 7, 13 and 15 (the number is as shown in Figure 3) should be considered, and this single-direction scene is applied to other offset directions. For the complex offset directions, the interference on multiple rows of detectors should be considered. Since the receiver adopts EGC combining technology, the signals received by different detectors need to be combined according to the size of the interference.




4. Simulation Results Analysis


In underwater optical Massive MIMO systems, the condition number of the channel gain matrix increases as the relative offset between the transmitter and receiver increases. By categorizing the underwater optical Massive MIMO system into blocks and considering diversity technique, the correlation of channel gain matrix is significantly reduced as well as the dimension of the channel gain matrix [32].



The adaptive diversity approach introduced in this study reduces the impact of link misalignment on communication systems by detecting and tracking the degree of link misalignment and using different diversity combinations. The channel gain matrix needs to be reconstructed due to the block diversity used in LED at the transmitter of the Massive MIMO system. As shown in Figure 8, it is the condition number of the channel gain matrix under different misalignment errors using adaptive diversity processing and block diversity processing, respectively, in the weak turbulence environment. When the degree of link misalignment is small, the condition number of the matrix reconstructed by adaptive diversity is the same as reconstructed by block diversity. When the link misalignment error is greater than 20 mm and the condition number of channel gain matrix increases rapidly, the adaptive diversity algorithm reduces the interference between different diversity blocks by changing the detector merging scheme at the at the receiver side. Since the switching decision of the adaptive diversity algorithm for the detector merging scheme is hard, which generates a certain error, it leads to a higher correlation between different diversity blocks when switching the merging scheme compared to the unswitched detector merging scheme. However, with the increase in the link misalignment degree, the condition number of the matrix after adaptive diversity reconstruction is smaller than that of the channel gain matrix after block diversity reconstruction, because adaptive diversity determines the degree of link misalignment through the matrix obtained by channel estimation. The receiver side selects a suitable detector merging scheme for the reception of the offset optical signal and the channel gain matrix condition number is reduced.



In this study, we consider 4 QAM ACO-OFDM modulation for the simulation of an underwater large-scale optical MIMO system. The key parameters of simulation work are presented in Table 2. It is worth mentioning that we consider a coastal seawater environment for the simulation environment with an underwater visible light attenuation coefficient of 0.15.



Figure 9 represents the bit error ratio (BER) performance of the 16×16 MIMO system with adaptive diversity and block diversity, respectively, considering a 0 mm link misalignment error under weak turbulence environment. Since the adaptive diversity algorithm uses different combining schemes depending on the degree of link misalignment, the adaptive diversity algorithm uses the same receiver-side signal combining scheme as the block diversity scheme. So, the BER performance of the system is the same when the link misalignment level is small. While considering a higher QAM modulation order, the BER performance of the system is poorer because the system is more sensitive to noise interference with higher QAM modulation order.



Figure 10 shows the BER performance of the 16 × 16 MIMO system with adaptive diversity and block diversity schemes at different QAM modulation orders in a weak turbulent environment with a link misalignment error of 23 mm. As the link misalignment error increases, the point bias of the system receiver also increases. At this time, the signal combination scheme used in the original diversity scheme at the receiver not only fails to bring signal combination gain, but also enhances the interference between signals. The adaptive diversity algorithm uses different received signal combination schemes, as the degree of link misalignment increases. By optimizing the receiver signal combination scheme, we notice a reduction in the correlation of the channel gain matrix and an improvement in the BER performance of the system.




5. Conclusions


In this study, an adaptive diversity approach empowered by partition STBC is introduced to overcome the issue of sub-channel correlation enhancement occurring due to the joint effects of underwater link misalignment and turbulence in the process of optical signal transmission in the underwater optical Massive MIMO. The STBC technique efficiently resists the random fading of optical signals caused by turbulence. However, for the enhancement of channel correlation caused by channel misalignment, diversity technology is needed for all antennas in the MIMO system, which leads to a waste of communication resources. Therefore, a partition STBC adaptive diversity algorithm is introduced in this study, which categorizes the Massive MIMO system into various groups and utilizes diversity technology, respectively. At the same time, different receiver signal merging schemes are adopted on the basis of different degrees of link misalignment. Even when the link misalignment degree is large, the adaptive diversity approach can also use different receiver signal merging techniques depending on the degree of link misalignment, which reduces the correlation of the channel gain matrix and substantially enhances the BER performance.



The adaptive diversity algorithm proposed in this paper mainly aims at the problem of spot migration caused by link misalignment. According to different link misalignment degrees, different detector combining schemes are used to receive optical signals. However, when the link misalignment error is large enough, the light spot will deviate from the limit range received by the detector. At this time, the detector is already unable to receive the signal. In future research, we can try to regulate the transmitter angle according to the link misalignment error to reduce the interference effect caused by link misalignment.
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Figure 1. Underwater optical imaging communication system model. 
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Figure 2. Block diagram of MIMO ACO-OFDM STBC system. 
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Figure 3. Image spot distribution diagram at the receiver. (a) Transceiver alignment. (b) Transceiver misalignment. 
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Figure 4. The pattern of image spot at the receiver. 






Figure 4. The pattern of image spot at the receiver.



[image: Jmse 11 00772 g004]







[image: Jmse 11 00772 g005 550] 





Figure 5. The link misalignment error versus condition number of H. 
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Figure 6. Adaptive diversity system block diagram. 
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Figure 7. Spot distribution under different link misalignments. (a) Small degree of link misalignment. (b) Large degree of link misalignment. 
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Figure 8. Condition number of H versus the link misalignment errors for adaptive and block diversity processing. 
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Figure 9. BER performance for transmitter and receiver aligned system. 
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Figure 10. BER performance under link misalignment error of 23 mm. 






Figure 10. BER performance under link misalignment error of 23 mm.



[image: Jmse 11 00772 g010]







[image: Table] 





Table 1. ZEMAX optical simulation parameters for Massive MIMO.
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	Parameters
	Value





	Number of detectors
	16



	Number of LEDs
	16



	Detector side length
	3 mm



	Number of trace rays
	     10  6    



	Communication distance
	4 m



	Lens group magnification
	0.03



	LED spacing
	100 cm
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Table 2. Simulation parameters of the underwater optical Massive MIMO system.
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	Parameters
	Value





	Subcarrier number
	128



	Attenuation coefficient
	0.15



	Communication distance
	4 m



	Diameter of the receiving lens
	30 mm



	Number of OFDM symbols
	1000



	Transmitter LED conversion efficiency
	0.1289



	Receiver detector conversion efficiency
	0.95
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