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This study proposes a new hybrid optical communication system that integrates free space optics (FSO) and single-mode fiber (SMF) links. This leverages orbital angular momentum (OAM) beam multiplexing to enable multi-user access across diverse geographical and channel conditions. Unlike prior studies that were constrained to homogeneous channels and identical user locations, the proposed system modulates four independent 10 Gbps OOK-NRZ data streams onto distinct OAM beams (ℓ = 0, 15, 40, 70), generated from a single 1,550 nm continuous wave (CW) laser. The heterogeneous transmission architecture comprises two OAM beams (ℓ = 40, 70) propagating through a clear-weather FSO channel (0.14 dB/km attenuation) and directly received, a third beam (ℓ = 15) transitioning from FSO to SMF, and a fourth beam (ℓ = 0) traversing a cascaded FSO link with a fog-affected secondary channel. System performance is rigorously evaluated using Bit Error Rate (BER), Q-factor, and eye diagrams. The results show that direct FSO reception achieves BER <10−6 over 10 km, while hybrid FSO/SMF transmission (ℓ = 15) maintains BERs of < 10−6, 10−4, and 10−3 for SMF lengths of 75 km under FSO divergence angles of 0.25 , 0.5 , and 0.25 mrad, respectively (fixed FSO range: 1 km). The fog-impacted cascaded FSO channel (ℓ = 0) sustains BERs of 10−5.7, 10−6.3, and 10−5.9 under low (LF: 9 dB/km), moderate (MF: 8 dB/km), and heavy fog (HF: 27 dB/km), demonstrating resilience in adverse conditions. By unifying OAM multiplexing with hybrid FSO/SMF infrastructure, this research advances scalable and reconfigurable optical networks for heterogeneous users in dynamic environments, with applications in last mile connectivity, backbone networks, and disaster-resilient communications.
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1 INTRODUCTION
The deployment of fifth-generation (5G) wireless technology represents a substantial advancement in communication networks, surpassing the capabilities of previous generations. With an extensive operating frequency range spanning 6 GHz to 300 GHz, 5G enables a wide array of innovative applications, including autonomous vehicles, robotic-assisted surgery, augmented reality, drone communication, and the internet of things (IoT). By enhancing connectivity and network efficiency, 5G facilitates widespread access to advanced digital technologies. Prior studies have explored heterogeneous multi-band 5G networks and access strategies to address the challenges of diverse user demands and base station configurations [1]. However, the escalating spectrum demands from IoT devices and other emerging applications introduce significant challenges, potentially leading to bandwidth limitations that could degrade overall network performance and user experience [2, 3].
In recent years, free-space optics (FSO) has garnered substantial attention as a promising solution for future communication systems. Its ability to deliver extensive bandwidth enables high-speed data transmission, positioning it as a highly appealing option in the rapidly evolving landscape of modern communications [4]. FSO communication systems present several advantages over traditional radio frequency (RF) and microwave technologies. These advantages include access to an unlicensed spectrum, significantly higher bandwidth, extended transmission ranges, and ultra-high data rates ranging from giga- to terabits per second. Additionally, FSO offers cost-efficient deployment, inherent immunity to electromagnetic interference (EMI), and enhanced security against unauthorized interception. FSO is thus well-suited for a range of applications, including inter-building connectivity, satellite communications, mobile network backhaul, coverage expansion in remote areas, military operations, and metropolitan area network extensions [5, 6]. Optical technologies have also been explored in domains such as underwater depth measurement using LiDAR on unmanned platforms [7], illustrating the growing versatility of photonic systems across diverse environments.
Recent advances in optical fiber communication, particularly with single-mode fibers (SMFs), have been driven by increased demand for higher data rates and more efficient transmission systems. SMFs, which support the propagation of a single optical mode, are widely employed in long-haul and high-bandwidth applications due to their low attenuation and minimal dispersion characteristics [8]. Ongoing research aims to enhance the transmission capacity of SMFs by leveraging advanced multiplexing techniques, such as orbital angular momentum (OAM) beam multiplexing and optical code division multiple access (OCDMA), which have the potential to significantly increase per-fiber data rates by several orders of magnitude [9, 10]. Progress has also been made in high-power narrow-linewidth fiber lasers for other photonic applications, further demonstrating the versatility and performance scalability of fiber-based systems [11].
OAM beams have emerged as a groundbreaking technology in optical communication, offering substantial benefits in both FSO and optical fiber systems [12, 13]. Characterized by helical phase fronts and an infinite set of orthogonal modes, OAM beams facilitate high-capacity data transmission through mode-division multiplexing (MDM). In FSO systems, OAM multiplexing enables the concurrent transmission of multiple data channels, significantly enhancing spectral efficiency and overall system capacity. Moreover, advances in photonic integrated circuits have improved OAM multiplexing in optical fibers by mitigating crosstalk and preserving signal integrity, thereby enabling reliable, error-free transmission over extended distances [14]. The differentiation of various OAM beams relies on their unique helical phase fronts. The light waves associated with OAM beams exhibit a spiral phase configuration, mathematically expressed as eimθ, where m denotes the number of 2 π phase shifts and θ represents the azimuthal angle [15].
The integration of FSO communication with optical fiber networks has emerged as a viable solution for meeting increased demand for high-speed, resilient, and scalable communication infrastructure. By leveraging the extensive bandwidth and low latency of optical fibers alongside the adaptability and rapid deployment capabilities of FSO, these hybrid systems offer significant advantages, particularly in environments where conventional fiber installation is impractical, such as across challenging terrains, water bodies, or disaster-stricken areas [16–19]. Furthermore, the fusion of FSO with optical fiber networks ensures robust connectivity even under adverse weather conditions. The implementation of advanced multiplexing techniques, including, wavelength-division multiplexing (WDM) and OAM multiplexing, further enhances the transmission capacity of these systems, positioning them as a key enabler for beyond-5G and emerging 6G networks [14, 16]. Additionally, hybrid FSO-fiber architectures present a cost-effective alternative by reducing the dependence on extensive fiber infrastructure in remote regions while maintaining high security and resilience against electromagnetic interference.
1.1 Related work
Prior research has investigated the integration of diverse optical communication channels. A hybrid optical communication system integrating SMF and FSO has been proposed, utilizing a configuration of SMF/FSO/SMF [16]. The system employed WDM, and its performance was analyzed under foggy weather conditions. While the system demonstrated a high transmission capacity of 8 λ × 2.5 Gbps over a total link distance of 41.51 km (comprising 20 km of SMF, a 1.51 km FSO span, and another 20 km of SMF), the requirement of 16 wavelengths necessitates a substantial number of optical sources, posing a challenge for practical implementation.
Another study has proposed a hybrid optical communication system based on a multimode fiber (MMF)/FSO configuration [14]. The system incorporated OAM beam multiplexing to enhance transmission capacity. Performance evaluation was conducted under varying atmospheric turbulence conditions, including weak, moderate, and strong turbulence, while maintaining a fixed MMF length of 100 m. Additionally, the analysis assumed a fixed receiver position for all end users. The results demonstrated an overall transmission capacity of 40 Gbps over a total transmission distance of 1.250 km under strong turbulence conditions.
Another study proposed a hybrid FSO and MMF system designed to operate under adverse environmental conditions [20]. The system incorporated OCDMA techniques along with two donut modes to achieve a transmission capacity of 80 Gbps. The system’s performance was evaluated with a fixed 100-m FSO link coupled with a 385 m MMF link under clear weather, resulting in an acceptable bit error rate (BER). Additionally, with the MMF link fixed at 100 m, the system maintained satisfactory BER performance for FSO link distances up to 2.07 km. However, to attain the 80 Gbps transmission rate, the system required 12 separate wavelengths, increasing the complexity of its implementation.
Other research has utilized 4-, 16-, and 64-quadrature amplitude modulation (QAM) schemes in a hybrid communication system composed of SMF, FSO, and millimeter waves [21]. The experimental results demonstrated successful data transmission rates of 67 Mbps over a 5-km SMF, a 2-m FSO link, and a 3.3 m mm wave wireless length. Additionally, simulation results indicated the successful transmission of 10 Gbps using a 64-QAM signal over a 500-m FSO range under moderate atmospheric turbulence. A fixed destination was assumed.
Research has employed a hybrid optical communication system employing an SMF and FSO configuration, utilizing dual-polarized WDM [9]. Additionally, a 16-QAM modulation scheme was implemented, and system performance was evaluated under various adverse weather conditions, including rain, haze, and fog. While the system demonstrated high transmission capacity, the requirement of four distinct wavelengths added complexity to its practical implementation.
A hybrid bidirectional communication system integrating SMF and FSO links has been introduced by researchers, incorporating orthogonal frequency-division multiplexing (OFDM), a reflective semiconductor optical amplifier (SOA), and polarization-division multiplexing (PDM) [22]. Their findings demonstrated successful data transmission rates of 10 Gbps for the uplink and 5 Gbps for the downlink over a 50-km SMF span and an 8-m FSO link.
A bidirectional network based on a hybrid wavelength-division WDM/FSO/passive optical network (PON) architecture has been proposed [23]. The results indicated successful transmission of 40 Gbps in the downlink and 20 Gbps in the uplink over either a 60 km SMF link with a 0.65 km FSO span or an SMF-only configuration of 62 km.
In contrast to previous studies, which assume fixed receiver locations and require multiple wavelengths—necessitating a large number of light sources to enhance transmission capacity—this work proposes a hybrid optical communication system that supports multi-user, multi-path transmission. Unlike conventional approaches that rely on uniform user positions and identical transmission conditions, our proposed system employs a multi-channel OAM-based transmission strategy, where four independent data streams are modulated onto OAM beams generated from a single CW laser at 1,550 nm. This approach enhances spectral efficiency while enabling simultaneous transmission through diverse propagation paths. Moreover, the hybrid transmission model integrates both FSO and SMF links, ensuring data transmission across varied channel conditions, including clear and foggy weather, thereby improving robustness in practical deployment. Additionally, a detailed performance evaluation was conducted, analyzing the impact of FSO divergence angles, SMF lengths, and propagation conditions, thus demonstrating the feasibility and reliability of the proposed system.
Table 1 summarizes the research discussed above. It also highlights that our system supports variable destination links, unlike previous studies that typically assume fixed point-to-point communication. This feature significantly enhances system flexibility, making it more suitable for dynamic scenarios such as mobile backhaul or multi-user access networks. Furthermore, our system employs four distinct OAM beams operating at a single wavelength (1,550 nm). In contrast, many earlier studies have relied on WDM-based approaches that require multiple wavelengths and a corresponding number of optical sources—an arrangement that increases system complexity and cost, thereby posing challenges for practical deployment. Our single-wavelength, multi-OAM configuration overcomes these limitations by maintaining high data capacity while improving scalability and hardware efficiency.
TABLE 1 | Summary of related work	References	Technique	Optical channel	Overall capacity achieved	Comment
	[9]	Dual polarized WDM with 16 QAM modulation scheme	SMF/FSO	448 Gbps	- Requires four distinct wavelengths,
adding complexity to its practical
implementation.
- Fixed destination.
	[14]	OAM beam multiplexing with OOK modulation scheme	MMF/FSO	40 Gbps	- Fixed destination.
	[16]	WDM	SMF/FSO/SMF	20 Gbps	- Requirement of 16 wavelengths
necessitates a substantial number of
optical sources, posing a challenge
for practical implementation.
- Fixed destination.
	[20]	OCDMA with two donut modes	FSO/MMF	80 Gbps	- Requires 12 separate wavelengths for
generating OCDMA channels.
- Fixed destination.
	[21]	4, 16, and 64-QAM	SMF/FSO/mmW	10 Gbps	- Fixed destination.
	[22]	OFDM and PDM	SMF/FSO	10 Gbps (uplink) and 5 Gbps (downlink)	- Fixed destination.
	[23]	WDM	FSO/PON	20 Gbps (uplink) and 40 Gbps (downlink)	- Requires a large number of light
sources for generating WDM
channels.
- Fixed destination.


The main contributions of this study are as follows.
	1. Hybrid optical communication framework. We propose a system supporting multiple users at different locations, addressing the limitation of prior research that assumed fixed user positions and identical transmission conditions.
	2. Single-wavelength OAM-based multi-channel transmission. Four independent data streams are modulated onto OAM beams generated from a single 1,550-nm CW laser. The beams follow different paths: two traverse a clear-weather FSO link, one transitions from FSO to SMF, and one propagates through a fog-affected FSO link, enabling performance evaluation under varied conditions.
	3. Performance analysis and evaluation. We analyze the effects of FSO divergence angle, SMF length, and propagation distance using BER, Q-factor, and eye diagrams. We also examine cascading FSO links, where the first link remains fixed and the subsequent link experiences varying fog densities, demonstrating the system’s feasibility and robustness.

The rest of this paper is organized as follows. Section 2 outlines the overall system architecture and its application framework. Section 3 details the design methodology, including key system components and operational principles. Section 4 presents performance evaluation, incorporating both theoretical analysis and mathematical modeling. Section 5 discusses the results, providing in-depth interpretation and insights. Finally, Section 6 summarizes the key findings and highlights potential directions for future research.
2 APPLICATIONS FOR THE PROPOSED SYSTEM
Figure 1 illustrates the layout of the proposed hybrid optical communication system designed to accommodate end users at different locations. The proposed hybrid optical communication system enables multi-destination connectivity by synergistically integrating FSO and fiber-based links. At the central office (CO), backbone network traffic is converted into four spatially orthogonal orbital angular momentum (OAM) modes (topological charges ℓ = 0, 15, 40, 70) generated from a single continuous wave (CW) source (1,550 nm) using a cascaded phase-patterned spatial light modulator (SLM). These beams are visually distinguished in Figure 1 as brown for ℓ = 0, green for ℓ = 15, red forℓ = 40, and cyan for ℓ = 70. These modes are multiplexed and transmitted over an FSO channel to the optical wireless unit (OWU), which acts as a distribution hub.
[image: Diagram showing communication links between different buildings. The central office connects to OWU with FSO link 1. From OWU, FSO link 2 connects to a hospital. The railway station is linked to residential buildings via SMF. Communication towers and antennas are illustrated on buildings.]FIGURE 1 | Layout of proposed hybrid optical communication system enabling multi-destination connectivity.At the OWU, the received composite beam is demultiplexed into four independent OAM channels. Two co-located destinations (topological charges ℓ = 40, 70)—a railway station and a company—are directly served by the OWU. For the remaining two destinations, the third, a residential building, is connected via a SMF link (ℓ = 15), and for the fourth destination, a hospital, the OAM channel (ℓ = 0) is propagated through a secondary FSO link.
3 PROPOSED DIFFERENT INTEGRATED OPTICAL COMMUNICATION SYSTEM
Figure 2 displays the schematic diagram for the proposed hybrid optical communication system.
[image: Diagram showcasing an OAM-based communication system. It includes PRBS generators, OOK-NRZ encoders, and MZMs leading to an ideal multiplexer. The FSO link contains a beam with OAM values of 0, 15, 40, and 70. The signal is split to a hospital, residential buildings, and a railway station, each with OAM selectors, photodetectors (PD), low-pass filters (LPF), and bit error rate (BER) evaluation.]FIGURE 2 | Schematic diagram of proposed hybrid optical communication system enabling multi-destination connectivity.3.1 Transmitter
At the transmitter, a CW source operating at 1,550 nm is utilized, followed by an OAM generator for producing four distinct OAM beams with topological charges ℓ = 0, 15, 40, and 70 which act as optical carriers. The selection of these ℓ values ensures wide separation among OAM modes to facilitate accurate classification. Each optical carrier is modulated with data generated from a pseudo-random-bit-sequence generator (PRBSG) using ON-OFF keying with non-return-to-zero (OOK-NRZ) line coding at 10 Gbps. A Mach–Zehnder modulator (MZM) is used to imprint the electrical signal onto each OAM beam. The modulated OAM beams are then multiplexed and transmitted through the FSO channel.
3.2 Channel
Clear weather with attenuation 0.14 dB/km is considered in this FSO channel [16].
3.3 Receiver
The received signal after propagating through the first FSO channel is demultiplexed by a spatial demultiplexer to four OAM beams. The information carried by these beams is received at different destinations as follows.
	- The two OAM beams with ℓ = 40 and 70 are passed through a photodiode (PD) detector to return signal in electrical form and are then filtered by low-pass-filter (LPF) to block the unwanted signal and then further undergo a BER analyzer to show the eye diagram and evaluate the BER and Q-factor for the received data at the end users.
	- The third beam with ℓ = 15 continues transmitting in SMF fiber until reaching the receiver side. At the receiver, the resultant received optical signal is converted to electrical domain through PD and filtered by LPF and finally passed to the BER analyzer.
	- The fourth beam with ℓ = 0 is directly connected to the second FSO channel which is exposed to foggy weather conditions until reaching its destination. After being received, it passes through PD, LPF, and a BER analyzer.

4 PERFORMANCE ANALYSIS
Equation 1 shows the output electric field from the CW and is expresses as follows:
ECWt=E0·⁡exp⁡j2πνt+φ0(1)
where E0, ν, and φ0, represent the amplitude, optical frequency, and initial phase, which is set to zero degrees, respectively.
Each of the four OAM beams with radial index p=0 and azimuthal indices (ℓ = 0, 15, 40, 70) have an electric field given in Equation 2 represented in a cylindrical coordinate system (r, ϕ, z) as [24]:
Er,ϕ,z;p,l=2p!πp+l!1ωzr2ωzlLpl2r2ω2z×exp−r2ω2zexp−ikr2z2z2+zR2×expi2p+l+1tan−1zzRexp⁡−ilθ(2)
where ωz=ω01+z/zR2 denotes the beam width at distance z, zR represents the Rayleigh range and is expressed as πω02/λ, Lpl is the LG polynomial, and k denotes the wave number and is given by (2 π/λ).
The i-th OAM beam (li∈0,15,40,70) is modulated by a 10 Gbps OOK-NRZ signal. Equation 3 shows the resultant electrical signal for the i-th OAM beam is expressed as follows [25]:
Sit=∑n=01024ai,nrectt−nTbTb(3)
where ai,n∈0,1 is the PRBS generated bit sequence, Tb is the bit duration, and its value is 1/ Rb (Rb represents the data rate). rect(t/Tb) is the rectangular pulse which has a value equal to 1 for 0≤t≤Tb and 0 otherwise.
The optical field at the output of the i-th MZM is given in Equation 4 and expressed as
EMZM,it=ELG0,li·⁡cosπ2·Sit−VbiasVπ(4)
where Vbias is the bias voltage of the MZM and is set to 0.5 Vπ, and Vπ is half-wave voltage.
After ideal multiplexing of four OAM channels before propagating through first FSO channel, the combined optical signal is given in Equation 5 as
Etxt=∑i=14EMZM,it(5)
We assume perfect orthogonality and no inter-channel interference between the OAM modes.
The received signal after propagating through the first FSO channel has optical received power given in Equation 6 as [24–27]:
SF1=STηT1dr1dT1+θd1LF12ηR110−αLF110(6)
where SF1, ST, ηT1, dr1, and dT1 respectively represent the received optical power after first FSO channel, the transmitted power, the transmitter optical efficiency, receiver aperture diameter, and the transmitter aperture diameter. The beam divergence angle for the first FSO channel is denoted by θd1, span of first FSO channel is represented by LF1, receiver optical efficiency is given by ηR1, and attenuation is represented by α.
After demultiplexing, Equation 7 shows the received optical power for each OAM beam is given as
Srx,i=SF1,i l=40,70;colocatedSF1,i·10−αSLS10l=15;SMF linkSF1,i·ηT2dr2dT2+θd2LF22ηR210−αfogLF210l=0;foggy FSO(7)
where αS and LS are the SMF attenuation and length, respectively, and ηT2, dr2, dT2, θd2, and ηR2 are respectively transmitter optical efficiency, receiver aperture diameter, transmitter aperture diameter, beam divergence angle, and receiver optical efficiency for the second foggy FSO channel. LF2 represents the FSO range for the second FSO channel, and αfog denotes the attenuation due to foggy weather, which can be computed using Equation 8 as:
αfog=3.912Vλ550nm−q(8)
where V is the visibility range and q is the size distribution of the scattering particle, the value of which depends on V according to the Kim model. For V below 0.5 km, q=0; for 0.5 km<V<1 km, q=V−0.5; for 1km<V<6km, q=0.16V+0.34; for 6km<V<50km, q=1.3; for V>50km, q=1.6 [27].
The photocurrent for the i-th OAM after PD is calculated using Equation 9 which is given as [14]
Ii=R.Srx,i(9)
where R is PD responsivity.
Equation 10 shows the total variance at the PD output as [28]
σi2=2qIiBe+4KBTBRL(10)
where q is the electron charge (1.6 × 10−19C), Be is the electrical bandwidth (0.7 × Rb Hz), T is temperature (298 K), KB represents the Boltzmann constant, and RL denotes the load resistance and has value of 50 Ω.
Hence, the SNR for the i-th OAM is calculated using Equation 11 as [28]:
SNRi=Ii2σi2(11)
The BER based on Gaussian approximation can be calculated using Equation 12 in terms of SNR as [28]
BERi=0.5 erfcSNRi22(12)
where erfc is a complementary error function.
Additionally, BER is given in terms of Q-factor using Equation 13 as [28]
BERi=0.5 erfcQi2(13)
Table 2 shows the values of parameters used in Optisystem software Ver. 21 and MATLAB 2023b for obtaining the results of the proposed system [23–27].
TABLE 2 | Parameters with values	Parameter	Value
	Rb per each OAM beam	10 Gbps
	CW laser input power	15 dBm
	ηT1, ηR1, ηT2, ηR2	0.9
	dT1, dT2	10 cm
	dr1, dr2	20 cm
	R	1 A/W
	α	0.14 dB/km
	αS	0.2 dB/km
	θd2	0.25 mrad
	αfog	LF: 9 dB/km, MF: 18 dB/km, HF: 27 dB/km
	LS	Varies from 30 to 75 km
	θd1	Cascaded FSO/FSO: 0.25 mrad; hybrid FSO/SMF: 0.25, 0.5, and 0.75 mrad; direct connection: 0.25 mrad
	LF1	Cascaded FSO/FSO: 1 km; hybrid FSO/SMF: 1 km; direct connection: varies from 5 to 10 km
	LF2	LF: varies from 0.5 to 0.85 km, MF: varies from 0.35 to 0.55 km, HF: varies from 0.28 to 0.42 km


5 SIMULATION RESULTS AND DISCUSSION
This section discusses the system’s performance across three receiver locations.
	a. Cascaded FSO/FSO Under Fog Conditions (ℓ = 0 traversing two FSO links)

In this subsection, we analyze the performance of the single OAM beam out of the four that propagated through the dual-channel FSO system. The first FSO channel was fixed at 1 km under clear weather conditions with an attenuation of 0.14 dB/km. In contrast, the second FSO channel was evaluated under various fog conditions, and the performance of the LG0,0, mode was assessed in terms of the Q-factor, BER, and eye diagrams.
Figure 3 illustrates the BER performance of the LG0,0, mode at different FSO transmission ranges in the second FSO channel under varying fog conditions. As the FSO range increases, the log (BER) value rises, indicating a degradation in system performance. Moreover, higher fog density leads to increased attenuation, thereby reducing the allowable propagation range. For instance, at a log (BER) of approximately −6, the LG0,0, the mode supports a maximum range of 0.85 km under LF, which decreases to 0.55 km under MF, and further decreases to 0.42 km under HF.
[image: Line graph showing the relationship between FSO range in meters and log(BER). Three colored lines represent different conditions: red for LG₀,₀ LF, cyan for LG₀,₀ MF, and magenta for LG₀,₀ HF. The plot displays increasing log(BER) values as FSO range increases, with the red line spanning the longest range.]FIGURE 3 | log (BER) of OAM beam (ℓ = 0) of the proposed system in case of cascaded FSO/FSO versus FSO ranges of the second channel.Figure 4 demonstrates the Q-factor performance of the LG0,0 mode across various FSO link distances in the second FSO channel under LF, MF, and HF conditions. It is evident that shorter link distances yield higher Q-factor values than longer spans. Under MF conditions, the Q-factor decreases from 9.3 to 4.8 as the FSO link length increases from 0.35 to 0.55 km. Additionally, the lower attenuation associated with LF conditions permits data transmission on the OAM beam with ℓ = 0 to achieve a maximum propagation distance of 0.85 km. Conversely, the higher attenuation present in HF conditions restricts the effective FSO transmission range to a minimum of 0.42 km.
[image: Line graph showing the Q-factor versus FSO range in meters for three different signals: LG<sub>0,0</sub> for LF (red), LG<sub>0,0</sub> for MF (cyan), and LG<sub>0,0</sub> for HF (magenta). Each line declines as distance increases, with LG<sub>0,0</sub> for LF extending the furthest range.]FIGURE 4 | Q-factor of OAM beam (ℓ = 0) of the proposed system in the case of cascaded FSO/FSO versus FSO ranges of the second channel.Figure 5 presents the eye diagrams corresponding to overall transmission distances of 1.85 km (LF), 1.55 km (MF), and 1.42 km (HF) for data received on the OAM beam with ℓ = 0. The eye diagram illustrates how well the system can distinguish between binary ones and zeroes. The openness of the eye (vertical opening) reflects signal clarity and low BER, while the horizontal eye width indicates proper timing for bit detection. Jitter is observed as horizontal noise at bit transitions, and vertical noise relates to amplitude variations [29]. As shown in Figure 5, the eye diagram at a transmission distance of 850 m under LF conditions exhibits the widest eye opening, indicating minimal bit errors at the ideal sampling instance. A broader eye opening generally corresponds to reduced inter-symbol interference and lower error probability. The steepness of the diagram’s left and right edges reflects the signal’s rise and fall durations; shorter transitions imply a wider bandwidth and enhanced data throughput. Jitter, which is quantified by the horizontal spread at the crossing points of the bit transitions, provides additional indication of potential timing errors. The extinction ratio, on the other hand, is linked to the system’s power efficiency, while the bit rate can be determined by taking the reciprocal of the bit duration. The pronounced eye openings at these distances indicate successful reception of data transmitted at 10 Gbps.
	b. Hybrid FSO/SMF Transmission (ℓ = 15 transitioning to SMF after fixed FSO span of 1 km)

[image: Eye diagrams with annotations highlighting key parameters. (a) Shows best sampling time, distortion, noise margin, timing jitter, eye width for error readout, and slope sensitivity. (b) and (c) are BER analyzer graphs without annotations for performance comparison.]FIGURE 5 | Eye diagrams for data received on OAM beam (ℓ = 0) of the proposed system in the case of cascaded FSO/FSO at overall FSO ranges of (a) 1.85 km under LF; (b) 1.55 km under MF, and (c) 1.42 km under HF.The performance of the OAM beam where ℓ = 15 is discussed now. The beam first traveled a fixed range of 1 km in FSO range with various SMF lengths. Its performance is investigated at various beam divergence angles and different SMF lengths in terms of BER, Q-factor, and beam divergence.
This section analyzes the performance of an OAM beam with ℓ = 15 over a 1-km FSO link considering various SMF lengths. Performance is evaluated in terms of BER, Q-factor, and beam divergence at different divergence angles of FSO channel and SMF lengths.
Figures 6 and 7 present a comparative analysis of the BER and Q-factor for the LG0,15 mode, considering three distinct beam divergence angles within the FSO channel and varying lengths of SMF. It is evident that as the SMF length increases, both BER and Q-factor performance degrade. Specifically, at an SMF length of 30 km with a beam divergence angle of 0.75 mrad, the log (BER) is approximately −18.43. When the SMF length extends to 75 km, the log (BER) increases to −3 for the same divergence angle. Additionally, narrower beam divergence angles yield better performance than wider ones. At an SMF length of 75 km, the log (BER) is −6.6 for a beam divergence angle of 0.25 mrad. Increasing the beam divergence angle to 0.5 and 0.75 mrad results in log (BER) values rising to −4.9 and −3, respectively. Correspondingly, the Q-factor values at an SMF length of 75 km are 5, 4.2, and 3.1 for beam divergence angles of 0.25 , 0.5 , and 0.75 mrad, respectively.
[image: Line graph depicting the relationship between SMF length (x-axis, 30 to 75 kilometers) and log(BER) (y-axis, -22 to -2) for three beam sizes: red line for 0.25 mrad, cyan line for 0.5 mrad, and magenta line for 0.75 mrad, each showing increasing log(BER) with SMF length.]FIGURE 6 | log (BER) of OAM beam (ℓ = 15) of the proposed system in the case of hybrid FSO/SMF versus SMF lengths at different beam divergence angles of FSO channel.[image: Line graph showing the Q-factor versus SMF length from 30 to 75 kilometers. Three lines represent different mrad values: red at 0.25, cyan at 0.5, and magenta at 0.75. The Q-factor decreases as SMF length increases.]FIGURE 7 | Q-factor of OAM beam (ℓ = 15) of the proposed system in the case of hybrid FSO/SMF versus SMF lengths at different beam divergence angles of FSO channel.Figure 8 presents the eye diagrams for the LG0,15 mode over a total transmission distance of 76 km, comprising a 1-km FSO channel and a 75 km SMF segment, at three different beam divergence angles. The most substantial eye opening, observed at a beam divergence angle of 0.25 mrad, indicates effective reception of the transmitted data.
	c. Direct FSO Reception (ℓ = 40, 70 after first FSO channel)

[image: Three BER (Bit Error Rate) eye diagrams labeled (a), (b), and (c) display signal clarity over a bit period. Each graph shows varying signal noise levels and eye opening widths. The amplitudes and time scales differ across the diagrams, indicating different signal qualities and potential error rates.]FIGURE 8 | Eye diagrams for data received on OAM beam (ℓ = 15) of the proposed system in case of hybrid FSO/SMF at overall transmission distance of 76 km for beam divergence angles of (a) 0.25 mrad, (b) 0.5 mrad, and (c) 0.75 mrad.This subsection examines the performance of two OAM beams with azimuthal indices where ℓ = 40 and 70 under clear weather conditions. Figures 9 and 10 illustrate the BER and Q-factor for the LG0,40 and LG0,70 modes of the proposed system at various propagation distances within the free-space optics (FSO) channel. Both OAM beams exhibit comparable BER and Q-factor performance. Notably, an increase in FSO transmission distance adversely affects system performance, as evidenced by rising BER and declining Q-factor values. Specifically, at an FSO distance of 5 km, both beams achieve a Q-factor of 9.9 and a log (BER) of approximately −23. However, extending the transmission distance to 10 km results in a log (BER) increase to −6.5 and a Q-factor decrease to 5.
[image: Graph showing a comparison of log(bit error rate) versus FSO range in kilometers. Two curves are plotted: a red curve labeled LG_subscript 0,40 for CA and a cyan curve labeled LG_subscript 0,70 for CA. Both curves show a similar upward trend from approximately -24 at 5 km to -6 at 10 km, indicating increasing error rates with distance.]FIGURE 9 | log (BER) of OAM beams (ℓ = 40 and 70) of the proposed system in the case of direct link versus FSO ranges.[image: Line graph showing the relationship between Q-factor and FSO range in kilometers. Two lines represent LG0,40 for CA in red and LG0,70 for CA in cyan. Both curves decrease steadily from a Q-factor of 10 at 5 kilometers to about 5 at 10 kilometers.]FIGURE 10 | Q-factor of OAM beams (ℓ = 40 and 70) of the proposed system in the case of direct link versus FSO ranges.Finally, the eye diagrams for two OAM beams (LG0,40 and LG0,70) at an FSO range of 10 km are given in Figure 11. The substantial eye openings observed indicate successful reception of the overall transmission capacity of 20 Gbps carried by these beams.
[image: Two eye diagrams labeled "BER Analyzer_2" and "BER Analyzer_3" display signal quality over time. Both diagrams use color gradients from blue to green, and include red overlays. X-axis represents time, and Y-axis displays amplitude.]FIGURE 11 | Eye diagrams at 10 km in the case of direct link for two OAM beams: (a) LG0,40 and (b) LG0,70.Table 3 compares previous studies with the proposed work in terms of the technique used, optical channel, receiver location, overall capacity achieved, and the BER and Q-factor values obtained.
TABLE 3 | Comparison between previous studies and proposed work	References	[14]	[16]	[18]	Proposed work
	Technique	OAM	WDM	OCDMA	OAM
	Optical channel	MMF/FSO	SMF/FSO/SMF	FSO/MMF	FSO for two OAM beams, FSO/SMF for one OAM beam, and FSO/FSO for one OAM beam
	Receiver location	Same	Same	Same	Different
	Overall capacity	40 Gbps	20 Gbps	80 Gbps	40 Gbps
	Q-factor	NA	NA	NA	∼4.75
	BER	∼10−9	∼10−9	∼10−3	∼10−6


6 CONCLUSION
This study introduced a hybrid optical communication system that leverages OAM beam multiplexing to enhance data transmission across distinct propagation environments. By integrating FSO and SMF links, the proposed architecture effectively supports multiple users under varying atmospheric and channel conditions. The system design enables independent data streams to propagate through different paths, including direct FSO reception, hybrid FSO-SMF transmission, and cascaded FSO links affected by fog.
Comprehensive performance analysis revealed the impact of transmission distance, divergence angle, and channel attenuation on system reliability. The results demonstrated robust signal integrity under clear conditions and quantified degradation under fog, highlighting the trade-offs between propagation range and signal quality. Moreover, the hybrid FSO-SMF configuration maintained acceptable BER performance over extended fiber spans, validating its feasibility for long-haul applications.
Overall, this work contributes to the advancement of scalable and adaptable optical networks, offering promising solutions for diverse communication scenarios, including urban connectivity and emergency response systems. Future investigations may focus on optimizing beam alignment, mitigating turbulence effects, and extending system capabilities to accommodate higher data rates and additional multiplexing techniques.
7 FUTURE DIRECTIONS/RESEARCH CHALLENGES AND OPPORTUNITIES
Future research can enhance hybrid optical communication by addressing turbulence, weather effects, and mitigation techniques. Implementing advanced error correction, adaptive modulation, and security enhancements such as quantum key distribution (QKD) will improve reliability. Furthermore, experimental validation through laboratory and field trials is necessary to refine system parameters and confirm theoretical findings under practical conditions. Expanding the framework to support multi-hop relay-assisted communication would improve reliability and extend coverage in large-scale optical networks. Future studies may also explore the integration of this hybrid system with emerging technologies such as intelligent reflecting surfaces (IRS) and reconfigurable optical networks to optimize signal propagation and enhance overall system performance. Addressing these challenges will contribute to the advancement of high-capacity, secure, and adaptive optical communication systems for next-generation terrestrial hybrid optical channels networks and beyond.
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