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Recently, given the increasing need for low-latency, high-efficiency communication in 

5G networks, our study addresses key limitations by introducing dual-hop free-space 

optical (FSO) communication between two devices, it emerges as a promising solution 

to meet these requirements by utilizing line-of-sight (LOS), the study considers 

scenarios where devices are distant or degrades due atmospheric turbulence (AT). An 

optical relay device (ORD) is required to create a dual-hop FSO link. a beam-shaping 

technique is being employed to maximize the overall signal-to-noise ratio (SNR) at the 

ORD to focus the beams more tightly towards and minimizing interferences between 

individual beams. Space time line code (STLC) and space time block code (STBC) are 

two encoding techniques that can save processing time and increase reliability 

transmissions at of system. The STLC and STBC encoding use at first and second hop 

respectively. Also, orthogonality and quasi-orthogonality is used for STLC-STBC to 

enable the highest possible system capacity and the least processing complexity in 

ORD. The results from the simulation showed that channel capacity increases with 

beam-shaping at ORD, especially between ORD and D2, and use OSTLC-OSTBC 

achieving minimum processing significantly increases communication reliability, and 

increases system capacity, especially in using 8×8 MIMO instead of 4×4 MIMO. 
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1. INTRODUCTION

Recently, fifth-generation and beyond (5Gb) technology 

has exhibited robust capabilities, including high bandwidth, 

speed, low power consumption, and support for virtual reality. 

yet it faces challenges in meeting the escalating demands for 

connectivity [1]. Optical communication, owing to its cost-

effectiveness and high-speed connectivity, has gained 

increasing significance over the past few decade [2]. D2D is a 

top contender to satisfy the 5Gb needs. To meet high data and 

transmission speeds and guarantee minimal power 

consumption, the connectivity of D2D is direct connections 

rathan needing a base station (BS) for this requirement [3]. 

However, to fully harness the potential of FSO technology in 

meeting 5Gb requirements, it is imperative to address 

fundamental limitations. These limitations include the impact 

of AT, restricted support for non-LOS (NLOS) 

communication, and limited mobile connectivity [4]. 

FSO technology covers Near Infrared (NIR), Visible Light 

(VL), and Ultraviolet (UV) bands, offering immunity to multi-

path fading. In contrast, Radio-Frequency (RF) connections 

are susceptible to such fading. Optical components in FSO 

systems are cost-effective, smaller, lighter, and more energy-

efficient than RF components [5]. FSO is an optical 

communication advancement transmitting light in free space, 

acting as a fiber optic link without the installation time, 

licenses, and high costs associated with traditional fiber optic 

systems. FSO systems find applications in last-mile access, 

backup links, and extending fiber networks quickly and easily. 

FSO is poised to address bandwidth and rate bottlenecks in 5G 

networks, laying the foundation for faster, smarter, and more 

reliable future communication services [6]. Optical 

communication system networks are achieving a multi of 

requirements of 5Gb that leads to big translation amounts of 

data [7]. 

The diversity technique can enhance the data transmission 

in the FOS link, improving the spectrum efficiency of wireless 

optical communication at a high rate [8]. The distances 

between the receiver and the transmitter are greatly affected 

by the performance of the link outage or degradation [9]. 

An RD is positioned to ensure far connectivity of D2D 

communication distance. Whereas the link survival reliability 

of far-distance FSO communications must be carefully 

measured. For achieving energy-efficient and dependable 

communication connectivity, a multi-hop system has this led 

to attracted the of researchers [10-12]. 

Our study specifically focuses on overcoming the challenge 

of NLOS communication in urban environments by Place a 

relay between the two devices as a communication link to 

reduce the distance between them and increase the reliability 

of the link, due FSO systems are susceptible to interference 

between sender and receiver, such as a soaring bird and a tree, 
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because they rely on LOS connectivity. Furthermore, it is 

sensitive to weather conditions; the performance of FSO 

decreases considerably in strong AT, such as fog and snow; 

these factors diminish the performance of FSO. 

A transmission algorithm must be used in this relay-aided 

D2D connection that uses the least amount of ORD 

processing, energy, and time. Decoding and full Channel State 

Information (CSI) estimates in ORD take longer, greatly 

impacting the signal's efficiency. To reduce ORD processing 

and time resources, we propose a suitable technique 

represented by STLC and STBC. For this, when receiving 

signals at ORD is not required CSI. Also, at ORD is no 

requirement of CSI to send signals with STLC and STBC 

encoding respectively. The attenuation of channel increased 

due as the weather conditions on the laser beam affects [13]. 

In D2D communication, relay nodes have been used to reduce 

link distance and increase reliability. High-performance 

connectivity is achieved by combining common beamforming 

and diversity technologies to improve the network bandwidth 

of 5Gb [14, 15].  

It is necessary form a that shaping optical signals in the 

same direction to working together as single source at the same 

wavelength and phase by beamforming in ORD. This results 

in a longer and more targeted stream. The beam is getting as 

the number of radiating elements increases. in 5G, digital 

beamforming is most typically employed in the baseband 

processor nowadays. Beamforming and Multiple-Input 

Multiple-Output (MIMO) work together to deliver 5G’s 

capacity throughput and connection reliability. To focus the 

beam of signals in tightly towards point at receiver can be 

beamforming technique, this leads to concentrate beams of 

multi signal more precisely. The beamforming is achieving 

high connection density and reducing interference between 

individual beams [16]. Beamforming improves signal quality 

and reduces processing time by focusing on relevant signals. 

also, by suppressing interference, the system can focus on 

processing the desired signals, reducing the computational 

load and enhancing processing efficiency. 

The important objectives that will have been achieved in 

this paper: 

• A RD-assisted D2D FSO communication system is 

proposed for a half-duplex hop scenario as shown in 

Figure 1. 

• Mathematical model analysis of the FSO 

communication system based on STLC-STBC 

encoding and optical beamforming for the scenario 

proposed. 

 

 
 

Figure 1. Environmental of FSO dual-hop with ORD 

The research provides a good algorithm depending on 

STLC and STBC to ensure minimal processing and reliable 

transmission, and the validation of analytical results by 

MATLAB simulation results. 

 

 

2. LITERATURE SURVEY 

 

In D2D communication, relay nodes have been used to 

reduce link distance and increase reliability. High-

performance connectivity is achieved by combining common 

beamforming and MIMO technologies to improve the network 

bandwidth of 5G [14].  

Space-Time Code (STC) provides spatial diversity to 

mitigate multipath fading, decreasing the Bit Error Rate 

(BER), and enhancing the capacity and reliability of 

communication. However, STC requires full Channel State 

Information (CSI) at the receiver (ORD) from the sender, 

leading to potential delays [17]. 

For achieved high data rate/ capacity, which Space Time 

Trellis Code Modulation (STTCM) is been used to improve 

transition signal and power efficiency for full diversity [18]. 

On the other hand, STTCM generates computational 

complexity in decoding symbols. This does not require 

additional processing time for the received data, which 

contributes to energy drainage [18]. 

Space Frequency Line Code (SFLC) achieves marginally 

inferior BER performance compared to STLC for multiple 

paths, but the efficacy of BER increases with more outputs and 

inputs. STBC-STLC with orthogonality and quasi-

orthogonality, while maintaining competitive BER 

performance, may offer advantages in terms of reduced delays 

in transmission compared to SFLC [19]. 

STLC Spatial Modulation (STLC-SM) requires partial CSI 

during decoding, reducing complexity, but requires full CSI 

during transmission. This generates some delay. STBC-STLC 

may offer reduced complexity in decoding while maintaining 

similar or improved BER performance compared to STLC-SM 

[20]. 

Double STLC (DSTLC) transmits two STLC streams 

simultaneously, improving spatial diversity and increasing 

system capacity. However, DSTLC requires more delay when 

decoding symbols at ORD compared to STLC. DSTLC shows 

better data rate performance compared to STBC, but it 

depends on high SNR [21]. 

Differential SM-STBC increases diversity gain without the 

need for CSI at the transmitters. Differential SM-STBC 

optimizes the system in terms of reducing BER, but CSI is not 

required during decoding at the receiver [22]. 

Many of the techniques discussed have certain limitations. 

The primary issue is the high computational complexity 

involved in encoding and the challenges in decoding. 

Additionally, some methods require CSI during transmission 

or reception, which can introduce processing delays and 

increase power consumption. As a result, these techniques will 

be excluded. The RD should not rely on CSI estimation, and 

there should be no decoding required when transmitting or 

receiving signals in the RD. 

The selection of STLC-STBC technologies and associated 

developments as transfer technologies is central to achieving 

the objectives of our paper. Here, it is proposed to utilize a 

suitable algorithm, as represented by STLC and STBC, to 

minimize processing and time resources at the RD. This aims 

to eliminate the necessity for CSI to be present when receiving 
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symbols encoded for STLC technology in the RD at the first 

hop. Additionally, there is no need for CSI when sending 

symbols encoded by STBC technology at the second hop. 

Therefore, orthogonality in STLC and STBC contributes to 

minimal processing. It is proposed by Dimas et al. [23] that 

STLC be used to achieve full rate by utilizing its orthogonality 

and quasi-orthogonality. It has been sufficient to achieve a full 

transmission rate instead of other techniques.  

Orthogonality in STLC and STBC helps achieve low 

latency by minimizing processing, but it does not affect energy 

usage [24]. In this study, it aims to enhance the energy 

efficiency of processing signal at ORD by utilized QOSTLC-

QOSTBC techniques. it introduces greater symbol overlap. To 

reduce this, we propose integrating MIMO and beamforming 

within the ORD and achieving optimize the overall SNR. 

Additionally, in the proposed system, the beamforming 

technique maximizes the total SNR ratio in the dual-hop FSO 

system [25], enhancing the effectiveness of the link between 

RD and D2. Since STBC encoding does not need to provide 

CSI, less time and energy are used. Because they don't require 

CSI on both communication sides, STLC and STBC were 

chosen as sensible options. Compared to other diversity 

methods, their practical deployment is extremely simple [26].  

The QOSTLC-QOSTBC combination maintains the single 

coding rate while enhancing BER performance. It 

approximates OSTBC/OSTLC in terms of transmission 

latency and quasi-OSTBC/OSTLC in terms of BER values. So 

far, with recent optical wireless transmission techniques, a 

relay-based FSO system has yet to be described to the level 

that meets what we aim to achieve in this paper. Therefore, the 

focus in this paper is exclusively on OSTLC and OSTBC 

encoding to meet our objectives, utilizing these techniques will 

have been minimizing processing in ORD. This is related to 

the above techniques in addition to adopting some techniques 

such as OSTLC-OSTBC and QOSTLC-QOSTBC. 

Furthermore, by increasing diversity through MIMO and 

beamforming technology, we aim to enhance channel gain and 

the reliability of data transmission to the maximum extent 

achievable. 

 

 

3. THE PROPOSED LOW-LATENCY, LOW-ENERGY 

CONSUMPTION DUAL-HOP AIDED FSO D2D 

COMMUNICATION SYSTEM 

 

In our proposed system, we consider two devices that are 

not linked to a BS and are connected to each other over a 

wireless channel at a significant distance apart. To reduce the 

challenges of this limitation, a RD is considered between two 

devices in a dual-hop manner. The system is set up such that 

the first device has (m) transmitting LEDs, and the second 

device has (n) PDs. The two devices communicate with each 

other through an optical RD that has (k) PDs. This results in a 

D1-RD transmission at the first hop, and an RD-D2 

transmission at the second hop thanks to a (j) transmitter of 

LEDs. The two hops (RD-D1 and D2-RD) are investigated 

under independent channel circumstances. The primary goal is 

to use the two coding techniques; STBC at the second hop and 

STLC at the first hop to achieve low time/energy processing 

at the RD. A zero mean and variance σ2 of Additive White 

Gaussian Noise (AWGN) is used to model as shown in Figure 

2.  

The information voltage signal from the On-Off Keying 

(OOK) modulation is converted into modulation current 

appropriate for an LED source by the driving circuit in the 

block diagram. After that, the PDs will receive the signal at 

RD. The ORD uses Maximum Ratio Combining (MRC) to 

combine all the received signals, which optimizes the SNR at 

the ORD. As a result, at stage (Beamforming), the incoming 

signals multiply the beamforming factor (W). The signal is 

then retransmitted to the second device, which has n PDs, as a 

block of symbols loaded in j LEDs. 

 

 
 

Figure 2. Proposed system model 

 

3.1 STLC-STBC in the proposed dual-hop FSO system 
 

An STLC and STBC Techniques are a symbols encoding 

techniques used to enhance the performance of wireless 

communication systems. Information symbols are encoded 

using the multiple channel gains (space) and are transmitted at 

time slots (time). Given that the coded symbols are transmitted 

sequentially through a multi transmit antenna, they are a line-

shaped of STLC compared to the block shape of STBC. The 

CSI is not available; these devices will experience challenging 

performance degradation [27]. An OSTBC - QOSTBC do not 

support both full diversity and full code rate simultaneously 

for more than two transmit antennas. An QOSTBC is enhance 

rates but this leads to Inter-Symbol Interference (ISI) by using 

a greater number of MIMO can be reduced effect of ISI [28]. 

On the other hand, the orthogonality in STLC-STBC reduces 

computational requirements, leading to lower latency but does 

not impact energy consumption. Symbol transmission is 

handled by a single relay device with low complexity and 

minimal processing requirements. 

In D2D aided-relay node communication, it is important to 

utilized a transmission technique that consumes the least 

amount of processing resources at ORD. Because decoding 

and full CSI of symbols at ORD result in long time of 

processing and can have a substantial influence on the energy 

efficiency of the optical signal. We employ STLC-STBC 

techniques in mitigate of this challenge. similar to STLC-

STBC, OSTLC-OSTBC provides diversity gain and reliability 

in fading channels, contributing to reduced latency by 

simplifying decoding processes, also, QOSTBC, with its 

compromise between orthogonality and complexity, can 

contribute to lower decoding complexity, potentially reducing 

processing time. 
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3.2 Transmission model for the first hop (D1-ORD 

transmission) by using OSTLC 

 

The modulation scheme used for the first hop from device 1 

is OOK, where there is no intensity during transmission as 0, 

and an optical intensity is transmitted when 1 occurs (i.e., 

XD1−ORD ∈{0,1}). For (M) LEDs from D1 (i.e., 𝑋 ∈RM×1). The 

transmitted signal is denoted by: 

 

X̅D1−ORD = √
PT

M
∑ x(k) 3

K=0    (1) 

 

where, PT denotes the transmitted power  and XD1−ORD ∈

RM×1. Let the space-time matrix be represented by the 

following when there are four LEDs at ORD ORD: 

 

x = [

x1

x2
x3

x2

−x1
∗

−x4

x3

x4
∗

−x1

x4 x3
∗ −x2

 

x4

−x3
∗

x2

−x1
∗

] (2) 

 

Then the k-th receiving PDs' indication of the received 

signal at ORD for the first hop is: 

 

YD1−ORD(t) = R ∑ √
PT

M2
  HORD−D1

 XD1−ORD + Nk

3

k=0

 (3) 

 

The summation in Eq. (3), where, k is limited from 0 to 3 

because we assume four PDs at ORD, R is PDs responsivity, 

HORD−D1
 is the channel matrix between LEDs at D1 and PDs 

at ORD, and each element in the matrix hK,M denotes the 

channel coefficient between k-th PDs of ORD and M-th LEDs 

of D1 such that: 

 

HORD−D1
= [  

h1.1

h2.1

⋮

h1.2

h2.2

⋮

⋯
⋯
⋱

 

hK.1 ⋯ ⋯

 

h1.M

h2.M

⋮
hK.M

 ] (4) 

 

Consider Fisher-Snedecor ℱ models each component of the 

channel matrix hK,M to simulate the turbulence of the FSO link. 

 

hK.M = hPLhAThPE (5) 

 

where, hPL, hAT and hPE are the deterministic propagation loss, 

AT attenuation, and pointing error, respectively. A PDF of AT 

can be represented for both links as [29]: 

 

fhAT(x) =
Γ(α+β)αα(β−1)βxα−1

Γ(α) Γ(β)(αx+β−1)α+β  (6) 

 

where, α and β are two variables that are the internal and 

external measures of disturbance, respectively. as they have an 

important role in affecting the optical propagation properties 

of the link, where [29]: 

 

α =
1

exp(σInn
2 )−1

  (7) 

 

β =
1

exp(σInm
2 )−1

+ 2  (8) 

 

where, σInn
2  and σIn𝑚

2  are the small-scale and large-scale log-

irradiance variances, respectively, where  𝜎𝐼𝑛𝑆
2  can be 

expressed as: 

 

σInn
2 =

0.51δSP
2 (1+0.69δSP

12
5 )−5/6

1+0.90d2(
σ

δSP
)12/5+0.62d2σ12/5

  (9) 

 

where, δSP2  is the spherical scintillation index (SSI)  of the 

FSO link [29]. σ2 represents the strength of irradiance 

fluctuations, and d is the equivalent aperture diameter. 

At the first-time interval [0, Ts], the receiving symbol 

sequences are:  

 

rD1−ORD(1) = R
1

√∑ ∑ ⌈hORD−D1⌉
24

k=1
4
M=1

∑ √
PT

4

F
i=1 [h1.1x1 +

h1.2x2 + h1.3x3 + h1.4x4]fi + N1  

(10) 

 

At the second time interval [Ts, 2Ts]: 

 

rORD(2) = R
1

√∑ ∑ ⌈hORD−D1⌉
24

k=1
4
M=1

∑ √
PT

4

F
i=1 [h2.1x2 −

h2.2x1
∗−h2.3x4 + h2.4x3

∗]fi + N2  

(11) 

 

At the third time interval [2Ts, 3Ts], 

 

rORD(3) = R
1

√∑ ∑ ⌈hORD−D1⌉
24

k=1
4
M=1

∑ √
PT

4

F
i=1 [h3.1x3 +

h3.2x4
∗ − h3.3x1 − h3.4x2]fi + N3  

(12) 

 

At the fourth time interval [3Ts, 4Ts]: 

 

rORD(4) = R
1

√∑ ∑ ⌈hORD−D1⌉
24

k=1
4
M=1

∑ √
PT

4

F
i=1 [h4.1x4 −

h4.2x3
∗+h4.3x2 − h4.4x1

∗]fi + N4  

(13) 

 

The effective channel gain at ORD is expressed as: 

 

√∑ ∑ ⌈hORD−D1⌉
24

k=1
4
m=1   (14) 

 

where, N1 N2 N3 and N4 are the AWGN vectors at each PD at 

ORD. Each AWGN is with mean zero and variance σN
2 . Four 

LEDs exist at D1 and four PDs exist at ORD. Where fi ∈
RM×1 is the beamforming matrix multiplied by the data 

symbols of the transmitted signal vector at D1. Because D1- 

ORD uses STLC. Where ORD did not require the CSI and did 

not perform any decoding processing. As a result, the amount 

of delay and power consumption will be reduced of system. 

ORD merely needs to combine all the received on the XD1−ORD 

matrix in Eq. (2), such that: 

 

x̅1 = rORD(1) + rORD(2) + rORD(3) + rORD(4) (15) 

 

x̅2 = rORD(2) − rORD(1)∗ + rORD(4)∗ − rORD(3)∗ (16) 

 

x̅3 = rORD(3) − rORD(4) − rORD(1) + rORD(2) (17) 

 

x̅4 = rORD(4) + rORD(3)∗ + rORD(2) + rORD(1)∗ (18) 

 

These estimated symbols can be rewritten as: 

 

x̅1 = sign{√|h1.1 + h1.2 + h1.3 + h1.4|
2x1 (h1.1

+ h1.2 + h1.3 + h1.4) N1} 
(19) 

418



 

x̅2 = sign{√|h2.1 + h2.2 + h2.3 + h2.4|
2x2 (h2.1

+ h2.2 + h2.3 + h2.4) N2} 
(20) 

 

x̅3 = sign{√|h3.1 + h3.2 + h3.3 + h3.4|
2x3 (h3.1

+ h3.2 + h3.3 + h3.4) N3} 
(21) 

 

x̅4 = sign{√|h4.1 + h4.2 + h4.3 + h4.4|
2x4 (h4.1

+ h4.2 + h4.3 + h4.4) N4} 
(22) 

 

However, the MRC technique maximizes SNR at ORD, is 

used to combine all of the received signals at any receiving 

device in our system (ORD and D2). Therefore, the 

beamforming factor (W) is multiplied by the received signals 

as follows: 

 

W1
∗rORD(1) + W2

∗rORD(2) + W3
∗rORD(3)

+ W4
∗rORD(4)] 

(23) 

 

The above equation can be rewritten as: 

 

[W1
∗ W2

∗  W3
∗  W4

∗]  [

rORD(1)

rORD(2)
rORD(3)

rORD(4)

]= W̅M
𝐻 r̅ORD.j (24) 

 

where, H is denoted to the Hermitian matrix for W. 

Then, the output of MRC is denoted by: 

 

W̅𝐻
1 ∑ √

PT

4

F
i=1 [h1.1x1 + h1.2x2 + h1.3x3 +

h1.4x4]fi + W̅𝐻
1N1  

(25) 

 

W̅𝐻
2 ∑ √

PT

4

F
i=1 [h2.1x2 − h2.2x1

∗ + h2.3x4
∗ −

h2.4x3
∗]fi + W̅𝐻

2N2  

(26) 

 

W̅𝐻
3 ∑ √

PT

4

F
i=1 [h3.1x3 + h3.2x4 + h3.3x1 +

h3.4x2]fi + W̅𝐻
3N3  

(27) 

 

W̅𝐻
4 ∑ √

PT

4

F
i=1 [h4.1x4 + h4.2x3

∗ − h4.3x2 −

h1.4x1
∗]fi + W̅𝐻

4N4  

(28) 

 

Full-spatial variety is attained by combining the four 

received symbols in (the equations above) to decode the STLC 

symbols, as shown in Figure 3. 

The SNR for the first hop (D1-ORD) is completed by 

derivation, however, 

 

Signal power 

= E|W̅𝐻H|2|XD1−RD|
2
E|W̅𝐻H|2E|XD1−RD

𝐻XD1−RD| 
(29) 

 

where, XD1−ORD
H XD1−ORD  is the covariance matrix of the 

transmitted symbols. 

 

Signal power = |W̅𝐻H|2 [

x1

x2

x3

x4

] [x1
∗ x2

∗ x3
∗ x4

∗] (30) 

 

Signal power = |W̅𝐻H|2

[
 
 
 
σd

2 0 0 0

0
0

σd
2

0

0 0
σd

2 0

0 0 0 σd
2]
 
 
 

 (31) 

 

Signal power = |W̅𝐻H|2σd
2  (32) 

 

The noise power has now been finished as follows: 

 

Noise power =E|NiNj
∗| =E[

N1

N2

N3

N4

] [N1
∗ N2

∗ N3
∗ N4

∗] (33) 

 

Noise power =

[
 
 
 
 
[N1]

2 N1N2
∗ N1N3

∗ N1N4
∗

N2N1
∗

N3N1
∗

[N2]
2

N3N2
∗

N2N3
∗ N2N4

∗

[N3]
2 N3N4

∗

N4N1
∗ N4N2

∗ N4N3
∗ [N4]

2 ]
 
 
 
 

 (34) 

 

where, 

 

E[NiNj
∗] = 0, i ≠ j (35) 

 

E[|Ni|
2] = σN

2 , i = j (36) 

 

Hence, 

 

E[NiNj
∗] = σN

2 I (37) 

 

Then, 

 

Noise power = E[W̅𝐻Ni] = W̅𝐻σN
2 =σN

2 ‖W̅‖2 (38) 

 

Hence, the SNR of the first hop is denoted by: 

 

SNRD1−ORD =
|W̅̅̅𝐻H|.σd

2

‖W̅̅̅‖2.σN
2   (39) 

 

 
 

Figure 3. A full-spatial-diversity 4×4 STLC system 
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3.3 Transmission model for the second hop (ORD-D2 

transmission) by using OSTBC 
 

Let the space-time matrix for the second hop be represented 

as follows when there are eight LEDs at ORD: 
 

XORD−D2
= 

[
 
 
 
 
 
 
 
 

x1

−x2
∗

−x3
∗

x2

x1
∗

−x4

x3

x4

x1
∗

−x4
∗ x3

∗ −x2
∗

x4

−x3
∗

x2
∗

x1
∗

x5

−x6
∗

−x7
∗

x8
∗

x6

x5
∗

−x8

x7
∗

x7

x8

x5
∗

−x6
∗

x8

−x7
∗

x6
∗

x5
∗

−x5
∗

x6
∗

x7
∗

−x6
∗

−x5
∗

x8

−x7
∗

−x8

−x5
∗

x8
∗ −x7

∗ x6
∗

−x8
∗

x7
∗

−x6
∗

−x5
∗

x1

−x2
x3

−x4

x2

x1
∗

x4
∗

−x3
∗

x3

−x4
∗

−x1
∗

x2
∗

x4

x3
∗

−x2
∗

−x1
∗

 ]
 
 
 
 
 
 
 
 

 
(40) 

 

The transmitted signals can be represented by the following 

using the space-time matrix mentioned above: 
 

XORD−D2(1) =
1

√8
[x1x2x3x4x5x6x7x8]  (41) 

 

XORD−D2(2) =
1

√8
[−x2

∗x1
∗x4 − x3

∗ − x6
∗x5

∗x8 − x7
∗]  (42) 

 

XORD−D2(3) =
1

√8
[−x3

∗ − x4x1
∗x2

∗ − x7
∗ − x8x5

∗x6
∗]  (43) 

 

XORD−D2(4) =
1

√8
[−x4

∗x3
∗ − x2

∗x1
∗x8

∗x7
∗ − x6

∗x5
∗]  (44) 

 

XORD−D2(5) =
1

√8
[−x5

∗−x6
∗−x7

∗ − x8
∗x1x2x3x4]  (45) 

 

XORD−D2(6) =
1

√8
[x6

∗ − x5
∗−x8x7

∗ − x2x1
∗ − x4

∗x3
∗]  (46) 

 

XORD−D2(7) =
1

√8
[x7

∗x8−x5
∗−x6

∗x3x4
∗ − x1

∗ − x2
∗]  (47) 

 

XORD−D2(8) =
1

√8
[x8

∗ − x7
∗x6

∗ − x5
∗ − x4 − x3

∗x2
∗ − x1

∗] (48) 

 

Each element of matrix Hn, j denotes the channel coefficient 

between n-th PDs of D2 and j-th LEDs of ORD. Again, the 

Fisher-Snedecor ℱ model is considered for each component of 

the channel matrix to simulate the turbulence of the FSO link 

between ORD and D2.  

 

HORD−D2= 

[
 
 
 
 
 
 
 
 
h1.1 h2.1 h3.1

h1.2 −h2.3 h3.2

h1.3

h1.4

h1.5

h1.6

h1.7

h1.8

−h2.3

h2.4

h2.5

−h2.6

−h2.7

h2.8

−h3.3

−h3.4

h4.5

h3.6

−h3.7

−h3.8

h4.1 h5.1 h6.1

−h4.2

h4.3

−h4.4

h4.5

−h4.6

h4.7

h5.2

h5.3

h5.4

h5.5

h5.6

h5.7

−h6.2

h6.3

−h6.4

h6.5

−h6.6

h6.7

−h4.8 h5.8 −h6.8

h7.1

h7.2

h7.3

h7.4

h7.5

h7.6

h7.7

h7.8

h8.1

−h8.2

h8.3

−h8.4

h8.5

−h8.6

h8.7

−h8.8]
 
 
 
 
 
 
 
 

 
(49) 

 

The signals that were received are recorded as follows: 
 

rD2(1) = R √
PT

8
[h1.1x1 + h1.2x2 + h1.3x3 +

h1.4x4 + h1.5x5 + h1.6x6 + h1.7x7 + h1.8x8] + Z1   

(50) 

 

rD2(2) = R√
PT

8
[−h2.1x2

∗ − h2.2x1
∗ + h2.3x4 +

h2.4x3
∗ − h2.5x6

∗ − h2.6x5
∗ + h2.7x8 − h2.8x7

∗] + Z2  

(51) 

rD2(3) = R √
PT

8
[−h3.1x3

∗ − h3.2x4 + h3.3x1
∗ +

h3.4x2
∗ − h3.5x7

∗ − h3.6x8 + h3.7x5
∗ + h3.8x6

∗] + Z3  

(52) 

 

rD2(4) = R√
PT

8
[−h4.1 x4

∗ − h4.2x3
∗ − h4.3x2

∗ −

h4.4x1
∗ + h4.5x8

∗ + h4.6x7
∗ − h4.7x6

∗ − h4.8x5
∗] +

Z4  

(53) 

 

rD2(5) = R √
PT

8
[−h5.1x5

∗−h5.2x6
∗ −

h5.3x7
∗−h5.4x8

∗ + h5.5x1 + h5.6x2 + h5.7x3 +
h5.8x4] + Z5  

(54) 

 

rD2(6) = R √
PT

8
[h6.1x6

∗ + h6.2x5
∗ − h6.3x8 −

h6.4x7
∗ − h6.5x2 − h6.6x1

∗ − h6.7x4
∗ − h6.8x3

∗] + Z6  

(55) 

 

rD2(7) = R √
PT

8
[h7.1x7

∗ + h7.2x8 − h7.3x5
∗ −

h7.4x6
∗ + h7.5x3 + h7.6x4

∗ − h7.7x1
∗ − h7.8x2

∗] + Z7  

(56) 

 

rD2(8) = R √
PT

8
[h8.1x8

∗ − h8.2x7
∗ + h8.3x6

∗ −

h8.4x5
∗ + h8.5x4 − h8.6x3

∗ + h8.7x2
∗ − h8.8x1

∗] + Z8  

(57) 

 

At D2, all received signals are combined using the MRC 

technique. Consequently, the MRC output can be expressed 

mathematically as follows: 

 
 [W1

∗rD2(1) + W2
∗rD2(2) + W3

∗rD2(3) +
W4

∗rD2(4) + W5
∗rD2(5) + W6

∗rD2(6) +
W7

∗rD2(7) + W8
∗rD2(8)]  

(58) 

 
The format shown above can be written as follows: 

 

[W1
∗W2

∗W3
∗W4

∗W5
∗W6

∗W7
∗W8

∗] 

[
 
 
 
 
 
 
 
 
rD2(1)

rD2(2)

rD2(3)

rD2(4)

rD2(5)

rD2(6)

rD2(7)

rD2(8)]
 
 
 
 
 
 
 
 

= W̅n
𝐻 r̅D2

 (59) 

 
Now let's identify the signals that were picked up by: 

 

r̅D2 = R√
PT

8
 ∑  XORD−D2 HORD−D2−n.j + Zn

8
n=1   (60) 

 
Therefore, the output of MRC is denoted by:  

 

W̅𝐻(R√
PT

8
 ∑  XORD−D2 HORD−D2−n.j + Zn

8
n=1 )  (61) 

 
However, the maximized SNR becomes: 

 

 W̅𝐻R√
PT

8
 X̅ORD−D2

 HORD−D2−n.j + W̅𝐻 Zn  (62) 

 

signal power = 
PT

8
|W̅𝐻HORD−D2−n.j|

2
R = σORD−D2

2 I (63) 
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The 𝜎𝑂𝑅𝐷−D2

2 represents the transmitted power that is 

computed according to the following criteria: 

 

E{XORD−D2 }=0 (64) 

 

E{X2
ORD−D2

}=[

σORD−D2

2 0 0

0 σORD−D2

2 0

0 0 σORD−D2

2

]  (65) 

 

E{X2
ORD−D2

} = σORD−D2

2 I (66) 

 

where, 

 

XORD−D2 𝑖  XORD−D2
𝑗 = 0, when 𝑖 ≠ 𝑗 (67) 

 

XORD−D2 𝑖  XORD−D2
𝑗 = 𝜎𝑂𝑅𝐷−D2

2 , when 𝑖 = 𝑗 (68) 

 

As shown below, the noise power can be calculated: 

 

E{W̅𝐻Zn}=0 (69) 

 

E{|W̅𝐻Zn|
2} = E{(W̅𝐻Zn)(W̅

𝐻Zn)
𝐻} 

= 𝐸{W̅𝐻W̅}E{ZnZn
𝐻} 

= W̅𝐻W̅E{[

Z1

Z2

⋮
Z8

] [Z1 Z2 ⋯ Z8]𝑇} 

= ‖W‖2E{[
σ1.1

2 0 0
0 ⋱ 0
0 0 σ8.8

2
]} = ‖W‖2σZ

2I 

(70) 

 

The maximized SNR is therefore expressed as: 

 

SNRORD−D2
=

R PT |W̅𝐻HORD−D2j|
2
. σd

2

8‖W‖2. σZ
2I

 (71) 

 

According to Ansari et al. [30], the overall SNR at D2 of 

system for both of hops are calculated by: 

 

SNRO =
SNRD1−ORDSNRORD−D2

SNRORD−D2
+ C

 (72) 

 

where, C is a constant inversely proportional to the relay gain 

squared, the average channel capacity determines how well an 

FSO communication system performs. It is the maximum 

amount of information that can be transferred in a specific 

time. The capacity of the i-th parallel channel in MIMO 

systems is represented as: 

 

Ci = log2(1 + SNROi) (73) 

 

Then, the total MIMO capacity is ∑ log2(1 + SNROi)
m
i=1  

which represents the sum of individual capacities of each m 

information stream. 

 

 

4. SIMULATION RESULTS AND DISCUSSIONS 

 

Through simulations, this section evaluates the performance 

of the STLC-STBC codes created in the earlier sections. 

Extensive MATLAB simulations were run to examine the 

performance of OSTLC- OSTBC and QOSTLC-QOSTBC 

codes for various diversity configurations with (four LEDs at 

D1 and eight LEDs at ORD) for broadcasts, and (four PDs at 

ORD and eight PDs at D2 for receive). The transmitter, relay, 

and receiver are the three essential parts of the proposed model 

for this simulation. On both the transmitter and receiver sides, 

the STBC encoder has been implemented. This part also 

contains a simulation of the techniques derived in the 

preceding section. The greater the number of LEDs or PDs in 

the ORD generates computational complexity in mathematical 

analysis and delay in processing in practice and even in 

simulation, and this produces unwanted shortcomings, the 

most important of which is a delay in retransmitting symbols 

in the second hop. Therefore, 8×8 MIMO was taken into 

account when receiving codes and retransmitting them in ORD 

This section assesses the functionality of the STLC-STBC 

codes developed in the preceding sections through 

simulations. With four LEDs at D1 and eight LEDs at ORD for 

broadcasts and four PDs at ORD and eight PDs at D2  for 

receive, extensive MATLAB simulations were conducted to 

test the performance of the OSTLC-OSTBC and QOSTLC-

QOSTBC codes.  

 

 
 

Figure 4. Capacity vs. SNR of many different MIMO 

 

 
 

Figure 5. Capacity vs. SNR with/without beamforming 
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Figure 4 provides three different transmitter and receiver of 

2×2, 4×4, and 8×8 MIMO. The capacity of each configuration 

is measured and plotted against varying SNR values. As the 

SNR increases, the capacity of all MIMO configurations also 

increases. This is expected since higher SNR implies better 

signal quality and less interference from noise. The 2×2 

MIMO configuration has the lowest capacity among the three 

configurations throughout the SNR range, resulting in a less 

spatial multiplexing gain. The 4×4 MIMO configuration 

exhibits higher capacity than the 2×2 configuration. It can 

exploit spatial diversity and multiplexing gain, leading to 

improved capacity. The 8×8 MIMO demonstrates the highest 

capacity among the three configurations. Increasing the 

number of antennas improves capacity, but there are 

diminishing returns with each additional antenna led depends 

on cost, size, power consumption, and implementation 

complexity. 

Figure 5 illustrates the communication capacity versus SNR 

for a 4×4 MIMO system. Two scenarios are compared: one 

with beamforming (depicted by the blue dashed line) and the 

other without beamforming (depicted by the red dash-dot line). 

As the SNR increases, the capacity improves in both cases, but 

the capacity is notably higher with beamforming. This visual 

representation highlights the effectiveness of beamforming in 

enhancing the communication system's capacity under varying 

SNR conditions. this indicates that beamforming effectively 

enhances capacity of direct D2D connection systems. 

In Figure 6, with STLC, OSTLC, and QOSTLC, the 

capacity increases with increasing SNR. At higher SNR 

values, the capacities of all three beamforming techniques tend 

to saturate. Without STLC, OSTLC, and QOSTLC: The 

capacity without any beamforming also increases with 

increasing SNR, but the capacity is lower than those with 

beamforming techniques. QOSTLC yields the highest 

capacity, followed by OSTLC and STLC. The choice of 

beamforming technique can substantially impact the 

achievable capacity of a wireless communication system. It's 

worth noting that the capacity calculations assume ideal CSI 

at the transmitter (CSIT) and perfect channel estimation at the 

receiver. Additionally, the simulations assume a specific 

configuration with 4 transmitters and 4 receivers. The results 

may vary for different system configurations and channel 

conditions. 

 

 
 

Figure 6. Capacity vs. SNR using STLC, OSTLC, and 

QOSTLC 

In Figure 7, the channel capacity experiences an 

augmentation with rising SNR; however, this escalation 

occurs at a comparatively gradual pace compared to other 

methodologies. This phenomenon can be attributed to the 

utilization of a limited number of MIMO configurations. 

Capacity with 4×4 STLC increases with SNR and generally 

outperforms the 2×2 STLC. Capacity with 2×2 OSTLC 

increases with SNR and generally performs better than the 2×2 

STLC. Capacity with 4×4 OSTLC increases with SNR and 

exhibits better performance than 2×2 and 4×4 STLC. Capacity 

with a 2×2 QOSTLC curve was added in the code, and it 

exhibits similar performance to the 2×2 OSTLC Capacity with 

4×4 QOSTLC increases with SNR and shows improvement 

over the 4×4 OSTLC. The results indicate that increasing SNR 

for all beamforming techniques improves the system's 

capacity. The curves show that higher-dimensional codes, 

such as 4×4 OSTLC and QOSTLC, achieve higher capacity 

than lower-dimensional codes. Additionally, orthogonal codes 

generally outperform traditional codes, demonstrating the 

effectiveness of exploiting orthogonality in MIMO systems.  

 

 
 

Figure 7. Capacity vs. SNR at use STLC, OSTLC, and 

QOSTLC of 2×2, 4×4, and 8×8 MIMO 

 

 
 

Figure 8. Capacity vs. SNR at use of STBC, OSTBC, and 

QOSTBC with/without 2×2 and 4×4MIMO 
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Also, in Figure 8, different transmitting and receiving 

system, where it uses 2×2, 4×4, and 8×8 MIMO. Despite 

increased capacity with increasing SNR, there will be clear 

differences between the amount of capacity for the different 

model in the number of transmitters and receivers. Through 

our simulation of the above techniques, we have gained 

valuable insights into the benefits and challenges of this 

approach. First, we noticed that STLC-STBC encoding in a 

dual-hop FSO system greatly enhanced the overall 

performance. Implementing STLC and STBC technologies 

has effectively reduced fading and improved communication 

link reliability. This has increased the system's robustness 

against channel failures and through the use of orthogonal 

STLC-STBC also quasi-orthogonal STLC-STBC. 

 

 

5. CONCLUSIONS 

 

FSO communication is very important in 5G especially on 

the D2D link, minimal processing in ORD to reduce power 

consumption/delay is necessary when dual-hop. STLC - STBC 

with MIMO, improve the diversity of transmutation data in 

both hops, that lads decreased power consumption and delay 

processing. The utilize of OSTLC-OSTBC and QOSTLC-

QOSTBC achieves the main purpose of this paper by balance 

between performance processing and reducing power 

consumption in the ORD. Radiation formation in the ORD 

also plays a role in achieving the largest amount of SNR. 

MATLAB simulations yielded satisfactory results. 

Beamforming improves system capacity, which compensates 

for optical signal losses, and OSTLC-OSTBC effectively 

achieves communication reliability, achieves minimum 

processing in RD, and increases system capacity. key 

proposals in our future work, include making communication 

full duplex, increasing the number of LEDs and PDs in each 

hop to enhance reliability, and introducing an additional RD 

for connectivity in case of LOS or main RD communication 

interruption. These actions aim to create a more robust and 

efficient FSO system. and further research is needed for dual-

hop FSO communication techniques to meet modern 

communication requirements. 
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