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This study explores the use of optical relay devices to provide dual-hop communication
between two devices using an FSO link without a base station. The central theme of this
essay revolves around enhancing the reliability and spectral efficiency of device-to-
device (D2D) communication. The primary goal is to establish robust and high-speed
connections while minimizing the processing burden on the relay device (RD). The
challenge lies in securing a stable connection over extended distances in D2D
communication, safeguarding against signal degradation and link disruptions. The study
emphasizes the importance of signal processing where RD does not need to estimate
channel state information, whether at RD's receiving or sending sides. To realize this
objective, the study suggests employing Space-Time Line Code (STLC) for encoding
between the first device and the RD and Space-Time Block Code (STBC) for encoding
between the RD and the second device. This strategic combination aims to optimize
processing within the RD, thus enhancing overall communication performance.
Furthermore, the investigation explores the potential implementation of orthogonal and
quasi-orthogonal STLC-STBC techniques to mitigate delays and improve power
efficiency. This systematic review uncovers several promising avenues for researchers
to bridge existing gaps in wireless communication technologies by addressing the
challenges related to relay-assisted D2D communication and refining encoding

strategies.

1. INTRODUCTION

Free space optics (FSO) is a line-of-sight communication
technology that employs light amplification by stimulated
emission of radiation (LASERs) and photodetectors to
establish optical connections between two locations without
optical fiber [1]. For high-data-rate applications of mobile
gaming, multimedia streaming, augmented reality applications,
etc., that D2D connection is a strong candidate to meet that
growing demand [2]. The challenges are many, and the
communication requirements are many in fifth-generation
(5G), such as high bandwidth, speed, reduced power
consumption, and virtual reality [3]. The FSO Link is a backup
system in a high-transmission data backup or when disaster
strikes [4].

With its main benefits being a large amount of available
bandwidth and fast throughput, FSO has surfaced as a
promising technology.to achieve broad adoption of this
technology, significant research efforts are needed to address
some basic limitations of FSO technology, such as limited or
no support for NLOS communication, limited or no support
for mobility, and the effect of atmospheric turbulence [5].

Noteworthy, FSO operates in the vicinity of near-infrared
rays and offers a massive data flow, much like optical fiber
links. Still, it does not require building permissions, requires
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no road drilling, is simple to implement, and cannot take a long
such as optical links [6]. Unlike radio frequency systems, FSO
communications do not need spectrum licenses and, thus, are
not subject to electromagnetic interference. Opposite, the
reliability of the FSO link is rugged and limited to a short
dimension. Relay-assisted FSO systems have gained much
attention recently as a way to reduce these effects [7]. STLCs
and STBCs were considered practical alternatives because
they don't require CSI on both communication sides. Their
practical deployment is straightforward compared to other
diversification approaches [2]. STLC is used in Link D;-ORD.
For this, ORD didn't need the CSI to decode signals that were
being received. Overall, less time, energy, and processing will
be required as a result.

D2D communications is a promising technology for the
fifth generation and beyond, without needing a base station to
meet high data requirements and transmission speed. This
ensures limited power consumption [8]. In addition, line of
sight (LOS) in optical communication is necessary between
two devices that rely on FSO technology to transmit different
data over limited distances. As the distance between the two
devices increases, the attenuation due to weather conditions on
the laser beam affects this in particular [9].

Distance restrictions are an essential factor in determining
the reliability of a D2D connection. Poor connection or link
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drop is easy to lose. D2D, with the help of a dual-hop relay,
addresses this potential shortcoming and improves system
communication as the relay node is placed to expand the
communication distance. Thus, it meets speed, power
consumption, time, and quality advantages in D2D
communication [10]. Similarly, the range of a link is more
extensive in next-generation network (NGN) communications,
where long-distance FSO communications require careful
measures of link survival reliability. Link broadening is
achieved by shortening the optical beam interval [11]. A dual-
hop system has become a focus of researchers' interest for its
high spectral efficiency and for achieving reliable, energy-
efficient communication [12]. The FSO dual-hop relay system
was analyzed under the assumption of blind channel
estimation [13]. In Cui et al.’s study [14], the relay node
contributes to the survival of the D2D connection since the two
devices are not on the same line for the FSO connection. The
relay nodes were used between D2D links. Joint beamforming
technologies with MIMO enhance network capacity in 5G and
achieve high-performance connectivity [15].

To evaluate and compare the transmit and receive diversity
techniques to modern wireless communications that can be
achieved with MIMO in 5G and beyond and to ensure that
reliable connection and low complexity to achieved for D2D
with relay assistant, several requirements are proposed to
validate these approaches, given their relevance to improving
system performance in Encoding the symbols when they are
sent or when decoding the symbols on the second device. Still,
we will dispense with decoding those symbols in the relay and
the lack of the need to provide channel status information
(CSI). Two main questions arose from these procedures: First,
what are the relevant criteria for providing high-gain diversity
connectivity that must be met in an evaluation? Second, what
appropriate method can be used to minimize processing in RD?

The following is a summary of the contributions to this
review paper:

(1). This paper thoroughly reviews contemporary wireless
transmission diversity methods that increase channel gain for
compatibility in large data streams.

(2). It reviews the evolution of transmission methods to
increase gain and achieve reliable communication.

(3). Analyze most methods that shorten RD delays or handle
received symbols.

(4). We find the transmission technique represented by
STBC and STBC's developments that would help this paper
accomplish its goals.

The devices are relatively far from each other. It is an
assumption that we will adopt in this paper. For mobile users,
the link between devices degrades due to harsh channel
conditions, causing a significant degradation in the direct D2D
performance of FSO connections. The RD is proposed as a link
between the transmitter and the receiver. On the other hand,
signals in RD are subject to processing and often cause delays
in retransmission and may cause power consumption, which is
undesirable in connection performance due to the need for
speed in D2D connections. It is a central problem that we are
about to mitigate if we prefer to propose some crucial
techniques to address this lack of diversity and simple
computational complexity when encoding on the sender side
D, and when decoding on the receiver side D,. We found that
when using STLC and STBC in symbol coding processing, it
is less complex and detectable in an RD device, in addition to
reducing signal power consumption.
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Figure 1. Environmental dual-hop FSO system

To achieve minimal processing on the RD device, the RD
should not need to estimate CSI, and there is no decoding
when the signal is received. Also, all processing units are
optical in RD. The solutions proposed in our paper are a
suitable algorithm represented by Space-Time Line Code
(STLC) and Space-Time Block Code (STBC) used to reduce
processing in RD to achieve low latency. Furthermore, it is
proposed to use the beamforming technique to maximize the
overall signal-to-noise ratio (SNR) of an FSO dual-hop in RD.
The parts of a wireless communication system proposal will
be implemented by implementing a D2D-assisted RD model
for a dual-hop scenario based on FSO communications, as
shown in the proposed Figure 1.

MIMO communication system assisted relay node with
multi antennas for transmitting and improving to increase the
data flow and send it to the interface using STLC technology
between the transmitter and the relay node and using STBC
technology between the relay and the receiver to send data to
the receiver to improve the power consumption of the relay
node [16]. The spatial diversity of the symbols was
implemented based on STLC and STBC technologies, with the
need for channel information at the sender and receiver; this
was verified using multi-antennas at the sender. The two
techniques complement a complete diversity order [17].

Both full-orthogonal STLC (OSTLC) and full-orthogonal
STBC (OSTBC) and the novel quasi-OSTLC and quasi-
QOSTBC pair are used to offer an appropriate diversity gain
through the MIMO technique by antennas at RD. OSTLC-
couple pairs are necessary to achieve better energy. Also,
(QOSTLC-QOSTB) import essentialisms the processing delay
at RD [2]. Quasi-orthogonal Space-Time Block Code
(QOSTBC) was created. A decoding technique for QOSTBC
was introduced by Jeong [18] to obtain a result with a lower
BER than the conventional methods and to address the rank-
deficient issue.

ORD merely needs to combine all the received signals to
extract symbols. STLC-STBC can achieve the full rate by
utilizing its orthogonality and quasi-orthogonality. Instead of
using other strategies, it has been adequate to obtain a
complete transmission rate. Orthogonality in STLC-STBC
reduces computation to assist achieve low latency, but it has
no impact on energy consumption [19]. As a result, we are
attempting to use quasi-orthogonality for STLC and STBC to
improve their energy efficiency. The aim of this study can be
accomplished. On the other hand, this causes more symbol
overlap. To reduce the consequences of this and increase the
overall SNR, respectively, we advise adopting MIMO and
beamforming in the RD of a dual-hop FSO system. As a result,
channel estimations that generate complexity and delay in



processing do not exist in the relay device, which generates
less power drain and less time delay in receiving and
retransmitting signals.

The rest of this paper is organized as follows: Section 2
provides a description and inquiries into the systematic
literature review. Section 3, proposes low complexity
processing of D2D RD by using STLC-STBC. Section 4
introduce new and future directions. Also, examine the end-to-
end of SNR operating (STLC) and (STBC). Finally, Section 5,
Conclusions and future recommendations of the paper.

2. RESEARCH TAXONOMY ON DUAL-HOPS FSO
CONNECTION WITH RD

This part of our study shows a comprehensive classification
of FSO Dual Hops between two devices with one deportation
assistant. Optical communication systems have become
increasingly significant in the past few decades due to their
low-cost, high-speed connectivity [20].

Accordingly, we divide the study here into two parts. The
first part is that the deportation falls within the FSO dual-hop,
where each wireless access technology has advantages and
limitations. The second part is to find ways to study the
problem resulting from the relay and reduce it as much as
possible, which we are working on to suggest a suitable way
to obtain the diversity of the transmission device and the future
through which we can unify the way to help reduce the delay
time in the visual signal processing in RD and then send it to
the interface. In addition, we seek to reduce and collect signal
consumption for the maximum possible energy that can be
transferred, or rather to increase SNR to the maximum.
Besides energy consumption, the beam formation is applied in
the deportation device to increase the power signal and send it
to the recipient. Previous literary articles are classified as
shown in Figure 2.

Dual-hops FSO connection with RD assistance

Relay and
transmission STLC and STBC
technologies within technologies
the FSO connection

Figure 2. Research taxonomy of D2D connection with RD
assistance

2.1 Related work of relay within FSO

D2D is a strong candidate to meet the requirements of the
fifth generation, where the connection is direct without the
need for a central management network [21]. Channel state
information and decoding at the relay node are preferably not
required. However, decoding and re-encrypting the data
generates a complex computational process and takes more
delay in the relay node [2]. It turns out that DF has an
undesirable computational complexity despite its improved
results that are superior to AF, including noise reduction and
not amplification, as is the case with AF [22]. Conversely, the
AF at relay FSO system was implemented using an Erbium-
Doped Low Mode Fiber Amplifier (EDFA) [23]. A proposed
MIMO system to improve data transmission in a FOS link to
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improve BER by mitigating the effect of atmospheric fields
(such as electric fields) affecting signal transmission [24].

However, various technologies have been introduced to
meet the requirements of D2D communication, where
Orthogonal Time Frequency Space Modulation (OTFS) has
been implemented to provide higher transmission rates. On the
other hand, it generates interference rates with data codes that
require complex processing in the receiver [25], which leads
to unwanted delays.

Research has come to link multiple transmission
technologies where Multiple-Input Multiple-Output (MIMO)
orthogonal frequency-division multiplexing (OFDM) MIMO-
OFDM is considered to have high transmission capacity and
low cost. Still, it needs more linearity and simplicity of
complexity. This shortcoming is overcome using 2x2
Almaout’s, as detecting when encrypted tokens are received is
less complex [26]. 2x2 and 4x4 MIMO-OFDM is a
transmission system whose results have been verified by Tang
et al. [27] as it adopts STBC codes. However, it requires
channel estimation, which is difficult to achieve because it
consumes time and processing power when decoding symbols.
Using channel pre-parameters, a new approach to detect STBC
symbols for OFDM transmissions has been established,
processing delays and computational complexity in the
generated detection, thus undesirable [28]. To achieve better
communication links instead of a direct connection between
two devices. An experience is done FSO dual-hop relay
system, an all-optical forward regeneration, and forwarding
(AOREF) technique applied in relay instead of the amplification
and forwarding (AF) scheme achieved a significant
improvement in the BER instrument but taking more delay
than using AF for fixed SNR [29]. In addition, several tech
methods have been proposed for the dual-hop link to achieve
better reliability. Since we do not want delayed processing on
the relay, we suggest using amplification and steering AF for
its simplicity of processing instead of DF, although it helps to
increase noise as AF has been dispensed with in RD [22].

So far, a paging-based FSO system that adopts modern
wireless transmission technologies has yet to be described so
we will focus on the two STLC-STBC technologies in full. In
this paper, STLC-STBC is fully applied to achieve our
purposes of this paper and uses techniques that can reduce
delay and power consumption in RD and that achieve high
data stream diversity gain.

MIMO optical wireless connection achieves reliable
connection. However, near channels negatively affect the
connectivity, as spatial multiplexing has been proposed to
mitigate these effects by using intense LEDs (light-emitting
diodes) and PD (photodiodes). It is necessary to detect the
optical signals from the receiver except when adjusting the tilt
angles of both the LEDs and the PD because signal vector
detection is difficult since the channel gain of each LED is the
same. Signal detection is achieved through maximum
likelihood (ML) detection [23]. This generates computational
complexity in detection and causes processing delays, so it is
not considered successful, especially after increasing the
distance of the link. Generalized MIMO modulation and
encrypted modulation have been used to improve the high
spectral efficiency in the wireless optical communication
system [30].

The nonlinearity of the LED in the channel link increases
and decreases in order, and as a result, generates difficulty in
detecting the received signal in spatial multiplexing of the
MIMO transmitter to achieve the receiver diversity gain and



the equal-gain combination (EGC) algorithm is proposed for
this lack of detection [31]. Research has developed a new
technique based on space-time in which the Khatri-Rao space-
time (KRST) coding is proposed for double or triple hop
system the MIMO for joint estimation of CSI and symbols.
The transmission of the training sequence is used to obtain the
matrix information of the channel and the characters in the
string [32], which leads to the processing delay and
computational complexity of dual hops or triple hops. In
addition, as presented by Han et al. [33], KRST coding is
proposed to encode symbols in the transmission for MIMO
communication of the dual-hop system, and channel
estimation is required in the relay. Using the Parallel Factor
Interface (PARAFAC) in the relay and PARATUCK?2 in the
interface is suggested. However, this generates computational
complexity and a delay in detecting symbols.

Space-time coding (STC) is a spatial diversity technique
proposed in transmission with MIMO to mitigate multipath
fading in wireless communication until it reaches the receiver,
thus improving SNR. Increasing the number of outputs and
inputs reduces the bad BER result. STC is combined with
spatial diversity to achieve better results in BER [34]. Li et al.
[35] presented a design for a non-coherent space-time system
in a non-coherent wireless communication environment with
dual outputs at transmit and massive inputs at the exit. To
ensure maximum detection, the USTC (unitary space-time
code) is proposed as it contributes to mitigating the worst-case
double error. Furthermore, the USTC achieves full diversity at
the receiver with many inputs.

In Mthethwa and Xu’s study [36], Uncoded Space-Time
Labeling Diversity (USTLD) is a strong candidate for ensuring
reliable wireless connectivity while maintaining the spectral
efficiency of the link STBC with labelling diversity results in
a USTLD system-furthermore, a Neural Network Machine
Learning (NNML) has been proposed for blind channel
estimation required when using the USTLD-MIMO system
instead of traditional estimation techniques as it reduces the
bandwidth requirement when channel estimation. Spatial
diversity and multiplexing are essential in modern
communication technologies. USTLD scores better in
diversity gains than Alamouti STBC [37] as USTLD achieves
spatial diversity and labelling diversity together to obtain the
best improvements in system performance [38]. The authors
proved by Patel [39] that USTLD does not achieve a high data
rate, although it allows any number when sending. Therefore,
a high-rate USTLD has been proposed to earn high rates.
However, this generates more complexity in detecting
processing low complexity detection techniques presented on
the HR-USTLD system.

In Choi and Joung’s study [40], the system generalized
STLC suggested that CSI must be fully available at the sender,
but when receiving, the CSI is optional to be complete.
Optimal precoding with linear combining is required to derive
generalized STLC where the minimum BER is achieved with
optimal precoding. A codebook consisting of a permutation
matrix with STLC decoding has been proposed to reduce
computational complexity at the receiver without symbol
doubling. Implementing the STLC is possible using a simple,
straightforward linear encoding and decoding process. These
benefits have led to further research on STLC-based
communication approaches [40]. Joung et al. [41] proposed
STLC to reduce the power consumption of an unmanned
aircraft system. In Pang et al.’s study [42], STLC-MIMO gains
full diversity for the transmitted symbols. It is done by
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providing channel information in the transmitter. BER is
improved upon antenna selection (AS) for STLC rather than
traditional STLC. Additionally, Space-frequency line code
(SFLC) has been proposed by Wu et al. [43]. SFLC was
combined with orthogonal frequency division multiplexing
(OFDM). The results were verified by simulation, and it was
found that for multiple paths, the BER performance of SFLC-
OFDM is slightly worse than that of STLC-OFDM. By
increasing the number of outputs and inputs, the BER
performance improves. But STLC-OFDM is better in terms of
delay spread. The two schemes were merged so that
STLC/SFLC-OFDM achieves complete diversity, as it needs
to provide channel information to encode symbols at the
transmitter, and CSI is incomplete at the receiver.

In Lee et al.’s study [44], a new technique known as space-
time line coded spatial modulation (STLC-SM) is proposed
with MIMO. Constellation rotated STLC for the transmission
codes, after which two modulation codes are sent through one
of the outputs of the transmitter, where CSI must be available
when transmitting but without the total need for it when
decoding the codes at the receiver. A maximum-likelihood
detector placed at the receiver to detect received symbols
STLC-SM is of lower complexity and better performance in
BER than STLC performance. Nevertheless, integrating quasi-
orthogonal STBCs (QOSTBCs) with SM further improved the
system's spectral efficiency [19].

Double space time line code (DSTLC) was designed with
many transmitting outputs and four receiving inputs, as it
needs CSI when encoding the symbols to be sent. It increases
spatial diversity and better performance of BER and data rate
compared with spatial multiplexing and STBC. Thus, the pre-
coded (SM) gain is negligible when the modulation sizes are
identical. It has been proven that (D-STLC) is a promising
candidate at high SNR and has spatial diversity and
multiplexing. It transmits two parallel STLC streams to
achieve additional multiplexing gains [45]. The diversity of
codes for transmission helps to reduce the degradation of
wireless signal propagation, and the reception of the signal to
the receiver is less corrupt. Space-Time Trellis Codes (STATS)
were introduced to achieve diversity and increase
communication reliability, and decoding is done in the
receiver using Viterbi decoding [46]. Space-Time Trellis Code
Modulation (STTCM) is suggested to achieve high data flow,
power efficiency, and access to increase spatial diversity
significantly. Gain diversity grows as the number of inputs and
outputs rises. The receiver uses the iterative decoder for
various input conditions and numbers. It makes use of the
Viterbi algorithm and feed-forward encoder construction. As
BER is preferable to using Space-Time Trellis Codes, the
recursive decoder (STTCM) is recommended [47].

STLC is proposed by Mavares et al. [48] to achieve the full
rate by using the orthogonality of STLC and the quasi-
orthogonality of STLC. It realizes it is adequate for a full
transmission rate instead of other techniques. Average
Likelihood Ratio Test (ALRT) technology was used to achieve
Low-Complexity in the STBC borrowing system for a little
SNR, as it turned out that the system achieved an accurate
performance against CSI estimation error variance [49].

This part of the paper included a focused review of
transmission technologies that meet the high need for high data
flow requirements and simplicity in the computational
complexity of encoding data codes or decoding them upon
reception. Most of the techniques mentioned above come to
me in several matters, the most important of which is the



computational complexity of encoding and the difficulty in
decoding. Secondly, some require CSI when receiving or
sending, which will delay processing and lead to more power
drain. Therefore, technologies that cause these two things will
be dispensed with. When we decided to use a relay device
between two devices, the shortcoming we referred to in the
above two points must be eliminated, requiring minimum
processing of relay/power/time resources in RD. Therefore, to
achieve minimum processing in the RD device, we must make
RD. it does not need CSI estimation, and there is no decoding
when sending and receiving the signal in the RD device.
Here, we propose to use a suitable algorithm represented by
Space-Time Line Code (STLC) and Space-Time Block Code
(STBC) to reduce RD processing and time resources. So that
there is no need for CSI to be available when receiving
symbols in RD encoded with STLC technology. Also, there is
no need when send symbols encoded with STBC technology
when they are sent. Orthogonal STBCs are special cases of
STBCs that allow for simplified linear decoding of a single
symbol. It is noted, however, that OSTBCs in FSO systems are
capable of a maximal coding rate of one. Therefore, higher
transmission data rates require STBCs with a high coding rate
[19]. Therefore, orthogonality in STLC and STBC contributes
to reducing processing, i.e., low latency, but it does not
mitigate the effects of energy consumption. Consequently, we
are working on using semi-orthogonality for STLC and STBC,
where these two technologies eliminate shortcomings in
energy consumption. We can achieve the goal of this paper.
On the other hand, this increases the overlap between symbols.
Hence, the MIMO contributes to reducing the effects of this,
and the beamforming technique maximizes the total SNR,
which we propose to use in the RD of a dual-hop FSO system.

2.2 Proposed system model

We propose a dual-hop FSO communication system in
which, at a particular distance, two devices are connected
without the use of a base station (BS). Through an optical relay
device outfitted with (k) receiving PDs to constitute a D;-ORD
transmission at the first hop and (j) transmitter of LEDs of
ORD-D, transmission at the second hop, the first device (D;)
with (M) transmitting LEDs communicates with a second
device (D,) with (N) receiving PDs. The primary goal of this
study is to use STLC at the first hop and STBC at the second
hop as two coding approaches to achieve low time/energy
processing at the ORD. According to Figure 3, the AWGN is
modelled as a received noise with zero mean and variance o2
and independent for each receiver.

On-Off Keying (OOK) modulation is employed for the
initial hop from D, . It is one of the most significant
modulations that is frequently employed in optical
communication in space. When there is no optical intensity
during transmission as zero, and one occurs for (M) LEDs

from D4, no optical intensity is communicated during that time.

The driver will next transform the electrical signal into an
optical signal, after which even subcarriers will employ DC-
biased, where before transmitting the signal to RD in parallel,
each LED receives it in series. The signal will then be received
by the PDs at ORD, where LED illumination can achieve
lower power consumption and a longer lifespan; however, to
demodulate the receiving signal, we apply coherent
demodulation for the OOK modulation method. ORD merely
needs to combine all the received signals to extract symbols.
However, it uses the maximum ratio combining (MRC)
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technique, which maximizes SNR at RD and combines all
received signals for k-M routes. Therefore, the received
signals multiply the beamforming factor (W) at stage
(Beamforming). Then, the signal is retransmitted as a block of
symbols loaded in j of LEDs to reach the second device
equipped with N of PDs. Then, the fate will be towards the
detection process of signal optical (i.e., IM/DD detection) for
decided such as original signal transmitted. The effect of the
amount of noise added during the two jumps should not be
neglected, in addition to the existing fading of the signal and
its effect on it due to weather effects.

Ali et al. [50] presented that to enhance overall SNR, linear
beamforming is suggested and created for dual-hop amplify-
and-forward (AF) systems with relay nodes. A
computationally effective Fukunaga Koontz Transform is
employed to tackle the beamforming optimization problem
when CSI is applied between source-relay nodes and relay
nodes-destination. In addition, Beamforming technology has
been used in a wide range of radio communications in RD to
achieve maximum signal-to-noise ratio (SNR). The M-ary
phase shift modulation (M-PSK) scheme is adopted for
beamforming [51].

The beamforming technique maximizes the overall SNR
ratio of the double-hop FSO system in our proposed system,
where the quality of the link between RD and D, is enhanced.

The optical signal is prepared to be sent again through
several LEDs using STBC encoding, as it does not require the
provision of CSI, so the energy consumption is reduced. Point-
to-point System Tool Analysis of the FSO System with
Migration Assistant is fundamental. Turbulence attenuation
and routing error attenuation in a channel link is essential for
evaluating communication quality. A near-ideal disturbance
condition is challenging, but the FSO link is often exposed to
moderate to severe conditions. The MIMO technique used
here increases diversity and thus reduces signal reception
losses. Our proposed system is by placing the relay device
between the D2D connection. There are two links for the first
link (first hop) between D; and RD. and the second link
(second hop) between RD and D,. Each has a different channel
state from the other, where the SNR1 will be at RD and SNR2
atD,.

DC Bias

prive N + |/
=

Source (D1)

| modulator

A STLC

~

Photo
Detector

Beamforming |‘>| LD or LED ‘%

STBC

Relay Device (RD)

~
%

Photo

Detection Detector

Process

Destination (D2)

Figure 3. Proposed system model



It is necessary to analyze the system's performance and
discuss the tools used in its analysis. We used important
parameters such as SNR and Capacity C to evaluate the
system's performance. Measuring their amount (SNR and C)
at each hop and their total at D, is necessary to evaluate the
system's overall performance. We consider a cooperative
transmission from a D; to D, via an ORD that uses AF
relaying to amplify the received signal and retransmit the data
to the intended recipient. Let SNR ; represent the signal-to-
noise ratio (SNR) of the first FSO hop from D; to ORD,
and SNR , represent the SNR of the second FSO hop from
ORD to D,. The end-to-end SNR can then be expressed as

SNR; SNR;
SNR, = ——+,
SNR;+ G

The two FSO hops (i.e., D; -ORD and ORD-D,) are
assumed to be subject to independent but not necessarily
identically distributed type of fading. Where that distance is
approximately equal between the D;-ORD and the D,-ORD,
we assume that a high-energy FSO system's performance is
constrained by shot and thermal noise. In this instance, the
noise can be accurately modelled as AWGN. Bits are
modulated into symbols at the D; before being sent to the
STLC encoder. The transmitted signal of STLC for the first
device is denoted by:

K
_ Pr )
Sp, = \/;ZO s(D)

where, Sp, € RM*® and P; denote the transmitted power Let's

assume that there are (M) LEDs at D, with (K=2) PDs.
In the first hop, the SNR is denoted by:

where G is a fixed relay gain [52].

(1

[HDl_k,m] ’ . O-SZ

202

2

Here, [HD 1_k,m]2 denotes a channel gain between the K-th
ORD receiving PDs and the M-th D; LEDs, where, E{[s]?} =
62,CN(0,02) and because the sum of two independent
AWGN:Ss is also an AWGN, i.e., CN(0, 262).

In the second hop, the SNR is denoted by:

R PT|WHHORD—D2,j|2-O-SZ

(€)
8||W||%.a21

SNR, =

where, R is PDs responsivity, W is the beamforming factor, H
is denoted to the Hermitian matrix for W, and Hpgp_ Dyj
denotes a channel gain between the J-th ORD LEDs the N-th
D; receiving PDs. We concede J=8 LEDs and N=8 PDs. The
overall SNR of the first and second hops for the proposed
system is calculated by Zedini et al. [52]:

SNR,SNR,

SNR, =
7 SNR,+G

“)

The i-th parallel channel capacity for MIMO channels is
shown by:

Ci = lng(l + SNROl) (5)

Figure 4 simulates and compares the capacity of several
different STBC-MIMO and QOSTBC-MIMO with
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beamforming techniques under various SNR conditions. 2>2
STBC provides better performance. It also achieves diversity
gain but not spatial multiplexing. 4>4 STBC offers both
diversity gain and spatial multiplexing. The capacity increases
with SNR due to the combined effects of spatial multiplexing
and improved SNR. 8>8 QOSTBC provides the highest
capacity due to its significant spatial multiplexing potential,
especially at higher SNR levels. The QOSTBC versions
generally outperform their STBC counterparts. We can
increase the channel capacity by increasing the full transmitter
diversity using QOSTBC and increasing the number of LEDs
and PDs.
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Figure 4. Capacity and SNR of 2>2 and 4>4 STBC, and 2>,
4>4, and 8>8 QOSTBC

3. STLC AND
PROCESSING

STBC WITH LOW-COMPLEXITY

In our paper, a two-hop wireless optical communication
system with a relay device is the proposed model presented in
Figure 1. In this paper, we suggest D, is equipped with (M=4)
optical emitters (as light-emitting diode (LED)). In contrast,
D,is equipped with (N=8) receiving photodetectors (PDs).
ORD is fitted with four photodetectors weighted with eight
optical emitters (LEDs). Symbol transmission is performed via
one relaying device with low complexity and minimum
processing. In this relay-aided D2D communication, it is
necessary to deploy a transmission algorithm that requires a
minimum of ORD processing/energy/time resources.
Decoding and full CSI estimates in ORD lead to a delay in
processing, and the optical signal's energy efficiency can be
significantly impacted.

Increased outputs when using STBC increase the diversity
of the spatial Modulation, which leads to a decrease in the
system's spectral efficiency. In Zhu et al.’s study [53], OSTBC
for Space Modulation is proposed to improve system
effectiveness.

Full transmission rate desirable in modern communications,
QSTBC with massive MIMO is challenging to implement. It
reduces system performance. Beamforming with spatial
precoding was proposed as a solution to this shortcoming,
which would minimize channel case expenses. BER
attenuation was verified compared with conventional QSTBC
[54]. The beamforming-based spatial precoding method has
been proposed to reduce the overheads of the CSI feedback in



Multiple-Input-Multiple-Output (MIMO) systems. However,
the original method suffers from using a set of pre-defined
fixed beamforming coefficients. Moreover, beamforming
spatial precoding can greatly reduce the interference and
alleviate the mutual coupling effect on the performance of
massive MIMO [55]. Here, in the first hop, the connection
between a transmitting device (D;) and receiving device (ORD)
is implemented the novel full-orthogonal and novel quasi-
orthogonal Space-Time Line Code (STLC) for relay with four
LEDs, and the connection between the transmitting device
(ORD) and receiving device (D) with eight LEDs. At ORD,
STBC symbols deployment doesn't require any CSI, while the
receiver requires full CSI, meaning that the receiver side is the
most complex.

Reducing orthogonality in coding generates a higher coding
rate than OSTBC, so the reliability of the connection is
achieved [56]. However, OSTBC cannot reach a full
transmission rate for transmission symbols, Whereas the
QOSTBC application uses symbols. OSTBCs can code at a
maximal rate of one. As a result, the orthogonality is loosened
to allow for transmitting more symbols in each time slot
through the development of QOSTBCs to provide better rates.

As can be observed from QOSTBC, there needs to be
complete orthogonality among the symbols. As a result, inter-
symbol interference (ISI) will cause BER performance on both
trips to decrease. In addition to AWGN, this impact of ISI can
be minimized through massive MIMO at the D,, RD, and D,.
Also, using all optical components improves the system’s
performance, and with MIMO in the FSO connection, the
system was made by Abdulameer and Mahdi [57].

Information symbols are encoded utilizing various channel
gains (in space and time) and broadcast sequentially (in time)
with Space-Time Line Code (STLC) encoding. The coded
symbols are line-shaped instead of the STBC block shape
since they are sent sequentially over a single transmitter, and
several independent STLCs are built in parallel lines. The
receiver Relay Device (RD) can decode the STLC symbols
without complete Channel State Information (CSI) since
STLC utilizes CSI for the transmitter's encoding. Analytically
and statistically, it is demonstrated that Space-Time Block
Code (STBC) and STLC offer the same performance levels
even when the CSI is unclear. However, limited critical
functionality may exist in minimally functioning lightweight
devices, such as time and frequency synchronization, direct
current offset estimates, and channel estimation just before the
data transmission. As a result, if CSI is not available,
supporting such devices without suffering significantly
degraded performance is challenging [58]. Combining the
proposed STLC and STBC will allow for the provision of
minimal-function lightweight devices, such as those that
require low cost, low complexity, and low power consumption
[59]. The maximum diversity gain is offered by Orthogonal
STBC (OSTBC), improving dependability in fading channels
and ensuring that the transmitted streams are orthogonal,
which makes decoding easier. On the other hand, Performance
may be impacted by the quantity of transmit antennas, making
it less adaptable to varying environmental factors. Because
Quasi-Orthogonal STBC (QOSTBC uses quasi-orthogonal
designs, its transmitted signals don't always have complete
orthogonality but suffer from less interference. However, it
reduces the decoding complexity and performance of fully
orthogonal architectures. Although it strikes a balance,
QOSTBC might not perform as well as totally orthogonal
designs. QOSTBC provides a performance-complexity trade-
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off, making it a practical choice in situations where simplicity
and acceptable performance are crucial, like real-time
communication systems with limited resources [2, 19].

The STLC-STBC and their development offer many
benefits. First, it allows the designing a minimal-capability
device using the STLC diversity scheme. This enables
achieving full diversity gain even with minimal functions at
RD. Second, the STLC-STBC reduces the frequency of
required CSI estimations. While conventional systems require
CSI for both devices. This reduced need for CSI estimations
leads to efficient usage, especially in block-fading channels.
Third, the channel estimation process is simplified. This ease
of channel estimation enhances the system's overall efficiency
[58, 60]. Therefore, it performs better than QSTBC but takes
a larger delay and saves CSI. Despite the capabilities of the
aforementioned technologies, they fail to provide what we
want to achieve in this paper, which is the least possible
processing in RD for less delay time and less energy
consumption, as most of them require CSI and generate
complexity in processing in addition to the delay caused by
these technologies. Therefore, STLC The proposed STBC
achieves what we aim for in this paper.

4. NEW DIRECTIONS AND FUTURE WORK

A single relay is sufficient to reduce the communication
distance in the FSO link for relatively long distances, as we
explained earlier, instead of having a multi-relay between the
two devices, as this does generate high and complex
parameters that must be observed to preserve the data as it
reaches its final destination (D,). We are concerned about the
loss of the path at the propagation time of the light beam due
to strong atmosphere conditions between D;-ORD or ORD-D,,
as well as increasing Hops, which reduces data flow as it
consumes data power. We have contributed to proposing a
solution for this by using the two techniques in Section 3.2. in
RD, all the handling is optical to reduce the delay in processing,
as it will dispense with converting the light signal into
electrical and then vice versa, and also will reduce the
complexity and side effects of that, and beamforming of the
optical signal in the RD, a critical proposal to achieve
maximum energy of signal at RD.

Here, we propose new directions for developing this
approach and fill in the possible gaps. In the case of weather
conditions, they are at their best (almost ideal). Here, the
presence of RD is not necessary, so it requires sensing the
conditions at RD to stop its work. Where we can suggest some
sensing mechanisms, including but not limited to Sensor at
ORD. Here, the sensor has provided information about the
region's parameters that will be monitored near ORD. features
of this sensor device are operated and controlled based on their
sensitivity as well as the range of sensing; necessary sensing
and controlling actions will be taken depending upon the
conditions, like fixing the threshold value of BER, SNR,
periodicity of sensing, etc. Based on the data analysis, the
parameter threshold values or normal working conditions are
turned on/off ORD. Also, can be used in Adaptive Learning,
implementing machine learning algorithms to predict future
channel conditions and performance based on historical data.
This adaptive learning can aid in making informed decisions
about activating the RD or maintaining the D2D connection.
Reinforcement learning techniques can be employed to learn
optimal policies for activating the RD or maintaining the D2D



connection based on the historical performance of different
decisions [61]. Q-learning and Deep Q Networks (DQN) are
examples of reinforcement learning algorithms. Also,
Recurrent Neural Networks (RNNs) are well-suited for
sequential data, making them suitable for time-series
predictions like channel conditions. Long Short-Term
Memory (LSTM) and Gated Recurrent Unit (GRU) are
popular variants of RNNs that can capture temporal
dependencies in the data.

Achieving a direct D2D connection without using a RD can
be challenging due it requires LOS. There is a gap in that case,
that RD must be on the same line as the two devices or the
possibility of modifying the adaptation of the relationship
between the two devices automatically within specific
algorithms to ensure the direct connection of D2D. Here, after
monitoring the ATs at D; by the sensor node. If
communication conditions change or become unstable,
communication switching is managed without RD, but there
are some limitations and considerations to take into account,
such as range and proximity. D2D link is usually limited to
short ranges due to the physical limitations of wireless
technologies. Interference: The lack of intermediate RD means
that devices may have to deal with higher levels of interference,
which affects communication quality. So the connection is
directed to the second device. For the reliability of a stable
FSO connection, we have to focus on a better tool for the
paging device from several things, the most important of
which are:

1- A wireless place suitable for the RD position between the
two devices and free from everything that impedes
communication, such as buildings, trees, or even thick smoke,
providing line-of-sight communication.

2- Increasing the application of diversity in RD, which
increases the reception and transmission of data streams but
requires finding better technologies to mitigate the impact of
complex processing and significant delays.

3- Making the communication process a full duplex;
Achieving the exchange of transmission and reception
between the two devices may increase the complexity, but it is
helpful in essential applications.

4- We suggest another developmental trend: An additional
RD parallel to the primary RD when communication with the
main RD device is interrupted or the line of sight is lost.

5. CONCLUSIONS

This paper includes a comprehensive review of a relay-
assisted dual-hop FSO communication system, especially
regarding the benefits of using RD within a dual-hop FSO
system, especially for relatively long distances. Diversity
techniques used in modern wireless communications have
been reviewed to achieve the full diversity of transmission, as
some of these techniques require estimation of the channel at
the receiver of encrypted codes (at RD). Additionally, others
are very complex in the processing process, where it needs to
decode the symbols, increasing the computational delay and
the consumption of signal energy. The effect of these
shortcomings, this paper's Mitigation of their occurrence was
achieved from the systematic study of the literature related to
our research. STLC and STBC technologies have been
proposed as promising technologies in conjunction with
MIMO technology to increase the full diversity of data coding
and improve signal processing in the first and second hops,
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respectively. The optical signal pool in RD led to delays in
transmitting data to the receiver in addition to power
consumption, which necessitated using an orthogonal STLC
and orthogonal STBC (OSTLC and OSTBC) to mitigate the
effect of delay in processing, as well as the use a quasi-
orthogonal of STLC and quasi-orthogonal of STBC (QOSTLC
and QOSTBC) to reduce the energy consumption of optical
signal at RD. AF effectively minimized the computational
complexity when receiving symbols at RD. In addition,
Beamforming, the technique applied in RD to achieve the best
possible SNR, the research on double-hop FSO
communication techniques still needs more proposals in
transmission methods and reception to meet the requirements
of modern communications.

REFERENCES

[1] Prabu, K. (2019). Analysis of FSO systems with SISO
and MIMO  techniques. = Wireless  Personal
Communications, 105: 1133-1141.
http://doi.org/10.1007/s11277-019-06139-x

[2] Urosevic, U. (2023). Low-complexity dual-hop D2D
design. IEEE Transactions on Consumer Electronics,
69(3): 548-555.
https://doi.org/10.1109/TCE.2023.3278628

[3] Al-Dyjaili, M.J., Al-dulaimi, M.A. (2023). Fifth-

generation telecommunications technologies: Features,
architecture, challenges and solutions. Wireless Personal
Communications, 128(1): 447-469.
https://doi.org/10.1007/s11277-022-09962-x

Abdulsatar, S.M., Saleh, M.A., Abass, A.K., Ali, M.H.,
Yaseen, M.A. (2021). Bidirectional hybrid optical
communication system based on wavelength division
multiplexing for outdoor applications. Optical and
Quantum Electronics, 53: 1-11.
https://doi.org/10.1007/s11082-021-03252-9

Zafar, S., Khalid, H. (2021). Free space optical networks:
Applications, challenges and research directions.
Wireless Personal Communications, 121(1): 429-457.
https://doi.org/10.1007/s11277-021-08644-4

Kamal, M., Khan, J., Khan, Y., Ali, F., Armghan, A.,
Muhammad, F., Ullah, N., Alotaibi, S. (2022). Free space

(4]

(6]

optics transmission performance enhancement for
sustaining 5G  high capacity data services.
Micromachines, 13(8): 1248.

https://doi.org/10.3390/mi13081248

Li, C.Y., Huang, X.H., Lu, H.H., Huang, Y.C., Huang,
Q.P, Tu, S.C. (2019). A WDM PAM4 FSO-UWOC
integrated system with a channel capacity of 100 Gb/s.
Journal of Lightwave Technology, 38(7): 1766-1776.
https://doi.org/10.1109/JLT.2019.2960525

Bojiang, M., Shah-Mansouri, H., Wong, V.W. (2018).
Full-duplex Relaying for D2D Communication in
mmWave based 5G Networks. IEEE Transactions on
Wireless ~ Communications, 17(7):  4417-4431.
https://doi.org/10.1109/TWC.2018.2825318

Abdullah, A.A., Najim, J.M., Mohameed, A.N. (2018).
New modulation method in FSO communication using
different wavelengths (650,532,405) nm in the Iraqi
Weather. Iraqi Journal of Science, 233-239.
http://doi.org/10.24996/ijs.2018.59.1A.25

Huang, H., Xiang, W., Tao, Y., Liu, B., Hu, M. (2018).
Relay-assisted D2D transmission for mobile health

(9]

[10]



[11]

[13]

[14]

[15]

[16]

[17]

[18]

(20]

(21]

[22]

(23]

applications. Sensors, 18(12): 4417.
https://doi.org/10.3390%2Fs18124417

Trinh, P.V., Carrasco-Casado, A., Okura, T., Tsuji, H.,
Kolev, D.R., Shiratama, K., Munemasa, Y., Toyoshima,
M. (2021). Experimental channel statistics of drone-to-
ground retro-reflected FSO links with fine-tracking
systems. IEEE  Access, 9: 137148-137164.
https://doi.org/10.1109/ACCESS.2021.3117266

Singh, D., Ouamri, M.A., Alzaidi, M.S., Alharbi, T.E.,
Ghoneim, S.S. (2022). Performance analysis of wireless
power transfer enabled dual hop relay system under
generalised fading scenarios. IEEE Access, 10: 114364-
114373.
https://doi.org/10.1109/ACCESS.2022.3217906

Dabiri, M.T., Saber, M.J., Sadough, S.M.S. (2017). On
the performance of multiplexing FSO MIMO links in
log-normal fading with pointing errors. Journal of
Optical Communications and Networking, 9(11): 974-
983. https://doi.org/10.1364/JOCN.9.000974

Cui, B, Cai, S., Zhang, Z. (2022). Relaying system based
on few-mode EDFA for space division multiplexing
wireless optical communication. IEEE Photonics Journal,
14(4): 1-7. http://doi.org/10.1109/JPHOT.2022.3192449
Abdulameer, [.H., Al-Dabbagh, R.D. (2022). Self-
adaptive differential evolution based optimized MIMO
beamforming 5G networks. Iraqi Journal of Science,
63(8): 3628-3639.
http://doi.org/10.24996/ijs.2022.63.8.37

Joung, J. (2018). Energy efficient space-time line coded
regenerative two-way relay under per-antenna power
constraints. IEEE  Access, 6: 47026-47035.
http://doi.org/10.1109/ACCESS.2018.2866925

Joung, J. (2017). Space-time line code. IEEE Access, 6:
1023-1041.
http://doi.org/10.1109/ACCESS.2017.2777528

Jeong, J.J. (2019). A minimum mean-square-error
(MMSE) decoder for quasi-orthogonal space-time block
code. Electronics, 8(7): 732.
https://doi.org/10.3390/electronics8070732

Lee, J.H., Sun, W.E. (2019). Robust beamforming and
spatial precoding for quasi-OSTBC massive MIMO
communications. EURASIP Journal on Wireless
Communications and Networking, 2019(1): 58.
https://doi.org/10.1186/s13638-019-1373-9

Salim, O.N.M., Mutlag, A.H., Adnan, S.A., Mahdi, S.Q.
(2022). Design and experimental study of an efficient
controlled cooling system for optical communication
laser diodes. Mathematical Modelling of Engineering
Problems, 9(3): 779-786.
https://doi.org/10.18280/mmep.090326

Hayat, O., Ngah, R., Zahedi, Y. (2019). In-band device
to device (D2D) communication and device discovery: A
survey. Wireless Personal Communications, 106: 451-
472. https://doi.org/10.1007/s11277-019-06173-9

Yu, X., Xu, G., Zhang, Q., Song, Z. (2022). Dual-hop
optical communication systems over Malaga turbulence
under pointing error impairments with decode-and-
forward protocol. IEEE Photonics Journal, 14(6): 1-15.
https://doi.org/10.1109/JPHOT.2022.3216283

Cai, S., Zhang, Z., Chen, X. (2019). Turbulence-resistant
all optical relaying based on few-mode EDFA in free-
space optical systems. Journal of Lightwave Technology,
37(9): 2042-2049.
https://doi.org/10.1109/JLT.2019.2897428

2091

(24]

[25]

(27]

(28]

[29]

[30]

[31]

[33]

[34]

[35]

[36]

(37]

Sabri, N.W., Mohammed, F.S. (2022). Multi-channel
optical wireless communication under the effect of low
electric field. Al-Mustansiriyah Journal of Science, 33(2):
81-85. http://doi.org/10.23851/mjs.v33i2.1096

Qu, H,, Liu, G., Imran, M.A., Wen, S., Zhang, L. (2022).
Efficient channel equalization and symbol detection for
MIMO OTFS systems. IEEE Transactions on Wireless
Communications, 21(8): 6672-6686.
https://doi.org/10.1109/TWC.2022.3151821

Sharma, V., Sergeyev, S., Kaur, J. (2020). Adaptive 2x2
MIMO employed wavelet-OFDM-radio over fibre
transmission. IEEE  Access, §8: 23336-23345.
https://doi.org/10.1109/ACCESS.2020.2970085

Tang, R., Zhou, X., Wang, C. (2020). Kalman filter
channel estimation in 2x2 and 4x4 STBC MIMO-OFDM
systems. IEEE  Access, 8: 189089-189105.
https://doi.org/10.1109/ACCESS.2020.3027377

Marey, M., Mostafa, H., Alshebeili, S.A., Dobre, O.A.
(2022). STBC recognition for OFDM transmissions:
Channel decoder aided algorithm. IEEE
Communications Letters, 26(7): 1658-1662.
https://doi.org/10.1109/LCOMM.2022.3170524

Nor, N.A.M., Komanec, M., Bohata, J., Ghassemlooy, Z.,
Bhatnagar, M.R., Zvanovec, S. (2019). Experimental all-
optical relay-assisted FSO link with regeneration and
forward scheme for ultra-short pulse transmission.
Optics Express, 27(16): 22127-22137.
https://doi.org/10.1364/0OE.27.022127

Abdulkafi, A.A., Hardan, S.M., Bayat, O., Ucan, O.N.
(2019). Multilayered optical OFDM for high spectral
efficiency in visible light communication system.
Photonic Network Communications, 38(3): 299-313.
https://doi.org/10.1007/s11107-019-00863-x

Guo, X., Chi, N. (2020). Superposed 32QAM
constellation design for 2x2 spatial multiplexing MIMO
VLC systems. Journal of Lightwave Technology, 38(7):
1702-1711. https://doi.org/10.1109/JLT.2019.2961146
Han, X., Zhao, Y., Ying, J. (2020). Semi-blind receivers
for UAV M-KRST coding MIMO systems based on
nested tensor models. IEEE Wireless Communications
Letters, 10(1): 185-188.
https://doi.org/10.1109/LWC.2020.3030768

Han, X., Zhao, X., de Almeida, A.L., Freitas, W.D.C.,
Bai, W. (2020). Enhanced tensor-based joint channel and
symbol estimation in dual-hop MIMO relaying systems.
IEEE Communications Letters, 25(5): 1655-1659.
https://doi.org/10.1109/LCOMM.2020.3045109

Lema, G.G., Reda, T.B., Hailu, D., Sutikno, T. (2019).
Performance evaluation of space time trellis coded
MIMO for mobile communications. Indonesian Journal
of Electrical Engineering and Computer Science, 15(3):
1501-1508.
http://doi.org/10.11591/ijeecs.v15.i3.pp1501-1508

Li, S., Zhang, J.K., Mu, X. (2019). Double full diversity
massive unitary space-time codes for MIMO channels.
IEEE Transactions on Vehicular Technology, 68(4):
3686-3701. https://doi.org/10.1109/TVT.2019.2900403
Mthethwa, B., Xu, H. (2020). Deep learning-based
wireless channel estimation for MIMO uncoded space-
time labeling diversity. IEEE Access, 8: 224608-224620.
https://doi.org/10.1109/ACCESS.2020.3044097
Elmezughi, M.K., Salih, O., Afullo, T.J., Duffy, K.J.
(2022). Comparative analysis of major machine-
learning-based path loss models for enclosed indoor



[38]

[39]

[41]

[42]

[43]

[44]

[45]

[46]

(48]

[50]

channels. Sensors, 4967.
http://doi.org/10.3390/s22134967

Mahesh, B. (2020). Machine learning algorithms-a
review. International Journal of Science and Research,
9(1): 381-386. http://doi.org/10.21275/ART20203995
Patel, S.S., Quazi, T., Xu, H. (2020). High-rate uncoded
space-time labelling diversity with low-complexity
detection. International Journal of Communication
Systems, 33(14): €4520.
https://doi.org/10.1002/dac.4520

Choi, J., Joung, J. (2021). Generalized space-time line
code with receive combining for MIMO systems. IEEE
Systems Journal, 16(2): 1897-1908.
https://doi.org/10.1109/JSYST.2021.3060134

Joung, J., Yu, H., Zhao, J. (2020). Bandwidth design for
energy-efficient unmanned aerial vehicle using space-
time line code. IEEE Systems Journal, 15(2): 3154-3157.
https://doi.org/10.1109/JSYST.2020.3012281

Pang, Y., Xiao, Y., Lei, X., Li, Y. (2020). Performance
analysis and antenna selection for space time line code.
IEEE Access, 8: 193503-193511.
https://doi.org/10.1109/ACCESS.2020.3032057

Wu, C., Xiao, Y., Guan, Y.L., Wang, J., Li, X., Yang, P.
(2019). Space-time/frequency line coded OFDM:
System design and practical implementation. IEEE
Access, 7 151915-151928.
https://doi.org/10.1109/ACCESS.2019.2947216

Lee, K.H., Joung, J., Jung, B.C. (2022). Space-time line
coded spatial modulation. Electronics Letters, 58(13):
520-523. https://doi.org/10.1049/¢l12.12488

Joung, J., Choi, J., Jung, B.C. (2019). Double space-time
line codes. IEEE Transactions on Vehicular Technology,
69(2): 2316-2321.
https://doi.org/10.1109/TVT.2019.2958666

Kudeshia, A., Zaidi, M.A., Jagannatham, A K., Prakash,
C. (2020). Hierarchical trellis based decoder for total
variation sequence detection (TVSD) in space-time
trellis  coded (STTC)  wireless image/video
communication. IEEE Access, 8: 79383-79396.
https://doi.org/10.1109/ACCESS.2020.2991049

Elfadil, H., Maleki, M., Behdad, N., Bahrami, H.R.
(2018). Trellis-coded space-time shift keying. IEEE
Transactions on Communications, 66(12): 5888-5901.
https://doi.org/10.1109/TCOMM.2018.2865925
Mavares, T.D., Diaz Espafia, K.M., Ochoa Escobar, L.I.
(2022). Full data rate space-time code selection. Annals
of Telecommunications, 77: 677-688.
https://doi.org/10.1007/s12243-021-00900-9

Shah, M.H., Dang, X.Y. (2020). An effective approach
for low-complexity maximum likelihood based
automatic modulation classification of STBC-MIMO
systems. Frontiers of Information Technology &
Electronic Engineering, 21(3): 465-475.
https://doi.org/10.1631/FITEE.1800306

Ali, AM., Adoum, B.A., Bachar, L.S., Khayal, M.Y.
(2021). Beamforming scheme for mimo relay based 5G
and beyond wireless network. Open Journal of Applied

22(13):

2092

[51]

[53]

[54]

[55]

[56]

[57]

[60]

Sciences, 11(10):
http://doi.org/10.4236/0japps.2021.1110087
Pang, W., Wang, P., Han, M., Li, S., Yang, P., Li, G.,
Guo, L. (2022). Optical intelligent reflecting surface for
mixed dual-hop FSO and beamforming-based RF system
in C-RAN. IEEE Transactions on Wireless
Communications, 21(10): 8489-8506.
https://doi.org/10.1109/TWC.2022.3166756

Zedini, E., Soury, H., Alouini, M.S. (2016). Dual-hop
FSO transmission systems over Gamma-Gamma
turbulence with pointing errors. IEEE Transactions on
Wireless Communications, 16(2): 784-796.
https://doi.org/10.1109/TWC.2016.2630680

Zhu, J., Xiao, L., Xiao, P., Quddus, A., He, C., Lu, L.
(2021). Differential STBC-SM scheme for uplink multi-
user massive MIMO communications: System design
and performance analysis. IEEE Transactions on
Vehicular ~ Technology,  70(10): 10236-10251.
https://doi.org/10.1109/TVT.2021.3104280

Wu, C., Yang, S., Xiao, Y., Xiao, M. (2022). Quasi-
orthogonal space-time block coded spatial modulation.
IEEE Transactions on Communications, 70(12): 7872-
7885. https://doi.org/10.1109/TCOMM.2022.3216805
Lee, JH., Lee, J.Y. (2017). Optimal beamforming-
selection spatial precoding using population-based
stochastic optimization for massive wireless MIMO
communication systems. Journal of the Franklin Institute,
354(10): 4247-4272.
https://doi.org/10.1016/j.jfranklin.2017.03.002

Naser, S., Bariah, L., Muhaidat, S., Al-Qutayri, M.,
Uysal, M., Sofotasios, P.C. (2021). Space-time block
coded spatial modulation for indoor visible light
communications. IEEE Photonics Journal, 14(1): 1-11.
https://doi.org/10.1109/JPHOT.2021.3126873
Abdulameer, L.F., Mahdi, A.S. (2020). On the
performance of all optical wireless communications
based on optical nonlinear generators. Diyala Journal of
Engineering Sciences, 13(2): 68-77.
https://doi.org/10.24237/djes.2020.13209

Joung, J. (2017). Space-time line code. IEEE Access, 6:
1023-1041.
https://doi.org/10.1109/ACCESS.2017.2777528

Yiiriir, O., Liu, C.H., Perera, C., Chen, M., Liu, X,
Moreno, W. (2014). Energy-efficient and context-aware
smartphone sensor employment. IEEE Transactions on
Vehicular Technology, 64(9): 4230-4244.
https://doi.org/10.1109/TVT.2014.2364619

Joung, J., Kurniawan, E., Sun, S. (2016). Channel
correlation modeling and its application to massive
MIMO channel feedback reduction. IEEE Transactions
on Vehicular Technology, 66(5): 3787-3797.
http://doi.org/10.1109/TVT.2016.2598364

Almeida, N.C., Fernandes, M.A., Neto, A.D. (2015).
Beamforming and power control in sensor arrays using
reinforcement learning. Sensors, 15(3): 6668-6687.
https://doi.org/10.3390/s150306668

1157-1176.





