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This study introduces a modified electro-optical modulator (EOM) to enhance
bipolar optical code division multiple access (OCDMA) in free-space optical
(FSO) communication. The proposed system improves signal quality, spectral
efficiency, and resilience to atmospheric turbulence. Unlike conventional dual
EOM techniques, the modified EOM enables simultaneous transmission of 0’
and ‘1’ chip values, reducing multiple access interference (MAI) and
enhancing system robustness. This approach optimizes bandwidth utilization
and ensures stable performance in varying environmental conditions.
Simulations were conducted in an additive white Gaussian noise (AWGN)
channel using three spectral amplitude coding (SAC) schemes: modified M-
sequence, Walsh-Hadamard, and random diagonal (RD) codes. Results
indicate that the modified EOM scheme significantly improves FSO system
performance, achieving an average 47.1% lower minimum log of bit error rate
(BER) in normal weather and 43.3% lower in extreme weather, ensuring
superior noise suppression and signal integrity across varying environmental
conditions. Additionally, the system maintains superior performance over
longer distances, demonstrating its suitability for high-speed, long-range FSO
applications. These findings highlight the potential of the modified EOM-
based bipolar OCDMA system in advancing next-generation optical wireless
networks, offering a more efficient, interference-resistant, and high-capacity
communication solution for future technologies such as 6G and beyond.
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1. INTRODUCTION

The evolution of wireless communication has seen a steady transition from 5G to 6G, driven by the
increasing demand for ultra-fast, highly reliable wireless connectivity [1]. 6G networks aim to integrate
artificial intelligence, quantum computing, and enhanced security features to support applications such as smart
cities, autonomous vehicles, and large-scale internet of things (IoT) networks. Free-space optical (FSO)
communication has emerged as a promising solution to complement radio frequency-based systems, offering
higher data rates, improved security, and immunity to electromagnetic interference [2]. Lu and Zheng [3]
emphasized that 6G will integrate artificial intelligence (Al), blockchain, and data analytics to develop
intelligent, seamless, and secure communication networks. These networks will address diverse industry needs
while ensuring high-speed and reliable connectivity. Optical fiber plays a crucial role in 6G by offering high
bandwidth and low latency, making it essential for applications such as cloud computing, 10T, and high-
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definition streaming. Unlike radio frequency (RF) communication, optical fiber transmits data using light
signals through glass or plastic strands, ensuring minimal interference, high-speed transmission, and improved
security [4].

While optical fiber provides a robust solution for high-capacity data transmission, optical wireless
communication (OWC) and free-space optics (FSO) serve as wireless alternatives where fiber deployment is
impractical. These systems use light for wireless data transmission, offering higher bandwidth and lower
latency than RF while being immune to electromagnetic interference. However, challenges such as sensitivity
to atmospheric conditions and precise transceiver alignment persist. Despite these limitations, advances in
multi-modal FSO systems have enabled 60 Gbps transmission over 3,600 meters using orthogonal frequency
division multiplexing (OFDM) and diagonal permutation shift-optical code division multiple access (DPS-
OCDMA) [5]. Additionally, hybrid optical fiber communication (OFC)-FSO systems with spectral amplitude
coding (SAC)-OCDMA maintain stable performance in foggy environments [6]. Optical beam stabilization
techniques, such as lens-based stabilization with 3-axis voice-coil motors (VCMs), further improve FSO
reliability by achieving error-free transmission over 200 meters [7]. Meanwhile, turbulence simulation models
have been developed to assess FSO performance under extreme conditions [8].

FSO technology has also evolved for specific applications, such as high-speed transportation and
urban infrastructure. A dual-transceiver FSO system for high-speed trains was introduced, reducing the need
for base stations while improving coverage in smart cities [9]. An adaptive power transmission method based
on channel correlation has demonstrated significant bit error rate (BER) improvements in FSO communication,
outperforming fixed threshold techniques [10], [11]. Studies also explore FSO as an alternative to sub-terahertz
(THZz) bands in next-generation cellular networks, addressing challenges like solar interference and beam
alignment [12]. Moreover, a polarization division multiplexing (PDM) FSO system with enhanced double
weight (EDW) codes has been developed, enabling 60 Gbps transmission across six channels with resilience
to adverse weather conditions [13].

Multiplexing techniques play a crucial role in optimizing bandwidth efficiency in FSO
communication. Frequency division multiplexing (FDM), time division multiplexing (TDM), wavelength
division multiplexing (WDM), and OCDMA are widely used. A 4-bands coherent FDM passive optical
network (PON) system demonstrated a total data rate of 100 Gbps, proving its potential for high-speed
networks [14]. Similarly, an interleaved single-carrier FDM (I-SC-FDM) scheme integrated with a sparse
weight-initiated deep neural network (SWI-DNN) equalizer achieved 660 Mbps transmission over 90 meters,
reducing peak to average power ratio (PAPR) and computational complexity [15]. TDM optimizes time slots
for signal transmission, though it requires precise synchronization to avoid latency. The delay-controlled and
energy-efficient TDM access (DEC-TDMA) mechanism reduces delays and improves energy efficiency in
fiber-wireless (FiWi) networks [16]. Meanwhile, WDM enhances FSO capacity by enabling multi-wavelength
transmission, with a two-dimensional photodetector array (2D-PDA) system achieving 100 Gbps [17]. A
bidirectional WDM-FSO system for data centers demonstrated 320 Gbps transmission over 1,000 meters using
reflective semiconductor optical amplifiers (RSOAs) to reduce costs while maintaining high-speed
communication [18]. Another hybrid WDM-FSO system achieved 32 Gbps over 100 meters, proving its
potential for cost-effective, high-speed light-based Wi-Fi solutions [19].

OCDMA assigns unique optical codes to users, optimizing bandwidth efficiency but facing multiple
access interference (MAI). A flexible double-weight (FDW) code supported over 220 users at 2.5 Gh/s over
60 km, reducing MAI [20]. Additionally, a hybrid spectral/spatial OCDMA system integrating OFDM and
successive weight (SW) coding achieved 1.5 Th/s capacity with 350-user support [21]. Further refinements in
OCDMA include coherent and non-coherent approaches. Coherent OCDMA improves spectral efficiency
through phase encoding but requires precise synchronization, while non-coherent methods use intensity-based
encoding, offering simpler implementation [22]. The 3D multi-diagonal (MD) code is a strong candidate for
high-throughput networks, providing higher data rates and increased user capacity [23]. SAC-OCDMA
enhances security and scalability, with innovations like one-dimensional two-distinct codes with two-code
keying (TCK) reducing multiple user interference while supporting 45 users at 2.5 Gbps [24]. Another
approach, the multi-dimensional sigma shift matrix (nD-SSM) code, improves BER and increases capacity at
higher data rates [25].

Polarization-based encoding in FSO further enhances security and resilience against turbulence.
Polarization-encoded signals maintain integrity even in highly scattering environments like underwater
bubbles, making them suitable for long-range communication [26]. Studies have shown that bipolar OCDMA
with fiber Bragg gratings (FBG) effectively suppresses MAI while improving transmission stability [27].
Meanwhile, bipolar OCDMA with SAC and polarization coding has been demonstrated to enhance
transmission rates and MAI suppression in FSO systems [28]. Simulations indicate that Walsh—Hadamard
codes perform best under extreme weather conditions, while MD codes are more effective for medium-range
distances. While bipolar OCDMA systems have been extensively studied for enhancing spectral efficiency and
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reducing interference in FSO communication, existing implementations suffer from limitations such as MAI
and reduced performance over long distances. Traditional dual electro-optical modulator (EOM) systems only
transmit one chip value at a time, leading to inefficiencies in data transmission. Our proposed modified EOM
technique addresses these challenges by enabling simultaneous transmission of both chip values, thereby
enhancing signal integrity and overall system robustness.

The improved bipolar OCDMA system using the modified EOM technique has wide-ranging
applications in various real-world scenarios. It can enhance urban wireless networks by providing high-speed
communication in densely populated areas, support satellite communication by ensuring secure, long-distance
optical links, and facilitate 10T integration by enabling efficient data transmission in smart infrastructure
applications. These contributions position our study as a significant advancement in the field of optical wireless
communication.

Building upon these advancements, this paper presents several key contributions to the field of optical
communications: (i) the paper introduces a novel modulation technique based on modified EOMs for
implementing bipolar OCDMA in FSO systems. This technique offers improved performance and efficiency
compared to previous dual EOM methods; (ii) by employing bipolar modulation with the modified EOMs, the
system achieves enhanced signal quality and robustness against various impairments, such as noise and
atmospheric turbulence, encountered in FSO communication links. This improvement leads to better overall
system reliability and data transmission integrity; (iii) the proposed system increases spectral efficiency by
allowing multiple users to share the same optical channel concurrently using orthogonal codes. This results in
optimized bandwidth utilization and higher capacity, making it suitable for high-throughput applications in
FSO networks; (iv) the paper provides simulation validation of the proposed technique, demonstrating its
feasibility and effectiveness in real-world FSO environments. Through comprehensive simulation testing and
analysis, the performance advantages of the modified EOM-based bipolar OCDMA system are confirmed,
paving the way for its practical implementation in FSO communication systems; and (V) the research presented
in the paper offers valuable insights into the design and deployment of advanced optical communication
systems for various practical applications, including terrestrial and satellite-based FSO links. The demonstrated
improvements in performance and efficiency contribute to the advancement of FSO technology, addressing the
growing demand for high-speed, reliable, and secure data transmission solutions.

2. METHOD

The simulation conducted in this study evaluated the performance of bipolar OCDMA utilizing the
modified EOM scheme proposed herein. Compared to the switch scheme discussed in [27], the bipolar
OCDMA with the modified EOM scheme demonstrated an increased transmission rate. Unlike the FBG-based
encoding utilized in previous simulations [27], this study employed a continuous wave (CW) laser array for
encoding in accordance with the signature code, with an erbium-doped fiber amplifier (EDFA) serving as a
pre-amplifier. The dual EOM scheme faces a significant limitation in that it only transmits signals for chip “1”
in the signature code, neglecting chip “0” [29]. While this approach simplifies the system, it results in a less
comprehensive and reliable data transmission [29].

The encoding process modulates the user information signal using an EOM with a CW laser array
based on the signature code. When the user information bit is “1,” only the upper EOM modulates the signal,
directing it to the corresponding polarization splitter. Conversely, when the bit is “0,” the lower EOM performs
the modulation. A second pair of EOMs works with the same principle but in reverse. In this case, when the
user information bit is “1,” only the lower EOM transmits the signal, while the upper EOM transmits when the
bit is “0.” This complementary operation ensures both polarization states are represented, enhancing data
transmission and ensuring the system can handle different bit values across both channels efficiently. The
polarized signals from both pairs of EOMs are combined using a polarization combiner, ensuring that all
modulated signals are effectively merged. Once combined, the signals are transmitted through the FSO channel,
facilitating robust and accurate data transmission. This approach enhances signal integrity by ensuring both
polarization states are utilized before transmission. Figure 1 illustrates the encoder of the bipolar OCDMA with
modified EOM scheme utilized in this simulation.

After passing through the FSO channel, the optical signals experienced depolarization into horizontal
and vertical polarization states. These signals then traveled through either the lower or upper port #1 of the
optical circulator, depending on their polarization state. From port #2 of the circulator, the optical signals
entered the FBG decoder, which functioned based on the assigned signature code. The reflected optical spectra
were directed to the lower optical adder through port #3 of the circulator, while signals transmitted through the
FBG were directed to the upper optical adder. Following the conversion of optical to electrical signals using
avalanche photo-diodes (APDs), a subtraction of the upper and lower signals was performed to achieve
balanced photo-detection. Subsequently, the BER and the quality factor (Q-factor) were evaluated with a BER
analyzer. Figure 2 displays the decoder of the bipolar OCDMA using a modified EOM as implemented in this
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simulation. For example, with the Walsh-Hadamard code used as the signature code, when the user transmitted
a bit “0”, only the lower EOM modulated the signals toward the lower polarization splitter, resulting in
horizontally polarized signals traversing the FSO channel. At the receiver, these signals were depolarized into
the lower optical circulator. As the lower circulator was linked to the complementary FBG, the signals
proceeded to the lower APD, leaving the upper APD signal-free. This process generated negative signals
corresponding to “-1” in the bipolar setup. In contrast, when a bit “1” was sent, the signals appeared in the
upper APD with no signal in the lower APD, producing positive signals equivalent to “+1” in the bipolar
scheme. The approach was extended to multi-user scenarios by applying the same design methodology.
Incorporating signature codes of length N into the proposed designs required calculating the correlation
outcomes, where variables n and m represented the optical codewords for horizontal and vertical polarization
states, respectively, which is presented in (1) and (2).

Figure 1. Bipolar OCDMA with modified EOM scheme encoder
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The performance analysis was first carried out in an additive white Gaussian noise (AWGN) channel
environment, using three different codes and applying both the dual EOM and modified EOM schemes. Further
simulations were then performed in the AWGN channel to compare the performance of each code within each
scheme. Additionally, performance analysis was conducted under extreme weather conditions to evaluate the
system’s resilience and reliability in real-world scenarios.
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Figure 2. Bipolar OCDMA with modified EOM scheme decoder

The evaluation of the performance of bipolar OCDMA using the modified EOM scheme was carried
out based on the simulation parameters outlined in Table 1. In the simulation, three SAC-OCDMA codes
specifically, the modified M-sequence (MS) code [28], walsh-hadamard (WH) code, and random diagonal
(RD) code—were utilized. These codes satisfy the correlation properties described in (1) and (2),
demonstrating their compatibility with the bipolar OCDMA employing the modified EOM scheme. The
signature codes for two users employed in simulation are detailed in Table 2.

Table 1. Simulation parameters

Parameter Value
Global Bit rate 10e+009 bits/s
Sample rate 640e+009 Hz
Number of samples 4096
CW laser Linewidth 10 MHz
Power 0dBm
Azimuth 45 deg
Wavelength 1546...1560 nm (A1...Ag)
Mach-Zehnder modulator Extinction ratio 30dB
Symmetry factor -1
Uniform FBG Bandwidth 125 GHz
Reflectivity 0.99
Noise threshold —100 dB
Avalanche photodetector Gain 3
Responsivity 1 AW
lonization ratio 0.9
Dark current 10 nA

Sample rate 5*(sample rate)
Thermal power density 100e-024 W/Hz
FSO Range 50-500 m
channel Transmitter aperture diameter 5cm
Receiver aperture diameter 20cm
Beam divergence 2 mrad
Table 2. Signature codes
Code Signature code
Modified M-Sequence [1 011100 0]
1110010 0
Walsh-Hadamard [1 010101 0]
1100 1 10 0
RD [1 00 10 11 0]
0 0 1 0 1 1 10
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The assessment was based on evaluating the BER and the Q-factor of the system. The BER can be
calculated using the formula given in [30].

BER = %erfc( ?) ©))

where SNR represents the signal-to-noise ratio of the proposed system, and signifies the complementary error
function over time, which can be calculated as (4) [31]:

erfc = j—Efxw exp(—t3?)dt 4)

In this simulation, to simplify the analysis, we utilized the minimum logarithm of the BER, which can be
obtained as outlined in reference [32].

min{l og(BER)} = log,o, B ER (5)

The correlation between the BER and Q-factor can be computed as described in references [33], [34].

BER = %erfc (%) (6)

3. RESULTS AND DISCUSSION

The simulation employed OptiSystem version 10, a respected optical system application. It evaluated
the effectiveness of the proposed modified EOM scheme in comparison with the existing dual EOM scheme.
This assessment was conducted using the configurations shown in Figures 1 and 2, focusing specifically on a
multi-user scenario.

Figure 3(a) present output data in the context of the dual EOM scheme, utilizing the Walsh-Hadamard
code for a single user. The corresponding received signals illustrate amplitude variations within the micro a.u.
range, providing insight into the performance characteristics of the dual EOM configuration. The signal
waveform demonstrates a relatively lower intensity, which may impact the system’s robustness in terms of
BER and Q-Factor, particularly in challenging transmission environments. Figure 3(b) similarly illustrate
output data which is obtained under the modified EOM scheme, also employing the Walsh-Hadamard code for
a single user. Unlike the dual EOM configuration, the received signals in this scheme exhibit significantly
higher amplitude values, measured within the hundred-micro a.u. range. The increased signal intensity
indicates a more efficient signal transmission process, reducing the likelihood of signal degradation and
enhancing overall system performance in terms of signal clarity and reliability.

The modified EOM scheme generates a stronger output signal compared to the dual EOM scheme.
This enhanced signal intensity suggests that the modified EOM configuration offers superior performance in
BER and Q-Factor, as a higher signal amplitude generally results in better resilience against noise, reduced
signal distortion, and improved detection accuracy at the receiver. The modified EOM approach holds
significant advantages for OWC and FSO systems, particularly in environments where signal attenuation and
interference pose challenges to maintaining high transmission quality.

Furthermore, the observed differences in signal intensity underscore the modified EOM scheme’s
potential for higher system efficiency and scalability. The increased amplitude of the received signals suggests
that this scheme can maintain stable performance over longer distances, making it a promising solution for
applications requiring high-speed, long-range optical communication. The Walsh-Hadamard code, known for
its orthogonality and ability to minimize MAI, further complements the advantages of the modified EOM
scheme by ensuring efficient spectral utilization and enhanced signal integrity. Overall, the comparison of
Figures 3(a) and 3(b) demonstrate that the modified EOM scheme not only achieves greater signal amplitude
but also improves signal robustness and quality, contributing to lower BER and higher Q-Factor. This makes
it a more viable and efficient choice for next-generation optical networks, including 6G and beyond, where
high data rates, low-latency communication, and resilience against external disturbances are crucial.
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Figure 3. Output of the bipolar OCDMA utilizing configuration of (a) dual EOM and (b) modified EOM

The effectiveness of the MAI reduction feature was evaluated under incompatible conditions.
Specifically, an incompatible decoder was employed with the encoder in the context of the modified EOM
scheme. This scheme utilized signature codes from the Walsh-Hadamard set: (1010) for user #1 and (1100) for
user #4. Figure 4 displays the output observed after detection in instances where an incompatible decoder was
employed and bit “0” was transmitted. Additionally, a minor noise-floor signal was detected due to the imperfect
filtering of the FBG decoder. These results proof the MAI cancellation feature of the proposed scheme.

=] Oscilloscope Visualizer
Dbl Click On Objects to open properties. Move Objects with Mouse Drag

a
=

Amplitude {a.u.)

-0y

2n sn an Mn
Time (s)

Figure 4. Output of bipolar OCDMA with modified EOM scheme for incompatible condition

Further simulation involved the application of a multi-user bipolar OCDMA utilizing the modified
EOM scheme across various SAC codes under AWGN channel conditions for normal and extreme weather
condition. Performance evaluation was conducted, presenting results in terms of the minimum logarithm of the
BER and the maximum Q-factor. Figure 5 illustrates the performance of the proposed modified EOM based
OCDMA system in an AWGN channel under normal and extreme weather condition using three different
codes. Examining Figure 5(a), WH and RD codes exhibit the best performance with the lowest minimum Log
of BER, whereas Modified MS codes perform the weakest. At a transmission range of 500 meters, WH codes
achieve a 10.21% lower BER than RD codes and 16.15% lower BER than Modified MS codes, confirming
their superior efficiency in an AWGN environment. The minimum Log of BER under extreme weather
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conditions shows notable performance degradation across all codes. WH and RD codes sustain relatively lower
BER values compared to Modified MS, which experiences the highest degradation. Under heavy fog
conditions, RD codes exhibit a 9.08% higher BER compared to WH codes, while Modified MS suffers a
16.30% increase in BER degradation. Meanwhile, Figure 5(b) illustrates the maximum Q-Factor achieved
using the modified EOM scheme. WH codes lead with a 7.32% Q-Factor improvement over RD codes and
9.36% over Modified MS codes. As the transmission distance increases, WH continues to outperform RD,
demonstrating its resilience in maintaining signal integrity. These results confirm that WH codes consistently
deliver the most reliable performance, while Modified MS struggles the most under standard AWGN
conditions. The maximum Q-Factor in extreme weather conditions reinforces these observations. WH codes
achieve the highest Q-Factor, maintaining a 4.94% advantage over RD and 9.34% over Modified MS at longer
transmission distances. Over extended ranges, WH remains the most robust against environmental disruptions,
confirming its reliability for challenging weather scenarios. In contrast, Modified MS proves to be the least
stable, exhibiting substantial performance losses of up to 20.00% in extreme conditions.
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Figure 5. Performance analysis of bipolar OCDMA with a modified EOM configuration in an AWGN
channel under normal and extreme weather condition: (a) min. log of BER and (b) max. Q-factor

In the final simulation, the performance of each code was compared using both the dual EOM and
modified EOM schemes under AWGN channel conditions for normal and extreme weather condition. Figure 6(a)
compares the performance of WH codes in both the dual EOM and modified EOM schemes under AWGN
conditions. It is evident that the modified EOM scheme significantly outperforms the dual EOM scheme. The
minimum Log of BER for WH codes in the modified EOM scheme is 61.37% lower than in the dual EOM
scheme at a range of 500 meters. This indicates a substantial improvement in signal quality and efficiency with
the modified EOM technique. When evaluating performance under extreme weather conditions for WH codes,
the modified EOM scheme again demonstrates superior performance. The minimum Log of BER in the
modified EOM scheme is 54.58% lower compared to the dual EOM scheme under extreme weather conditions.
This shows that the modified EOM system is better equipped to handle environmental disturbances. Figure 6(b)
further emphasizes this advantage, as the maximum Q-Factor for WH codes in the modified EOM scheme is
100.38% higher than that achieved with the dual EOM scheme under normal weather conditions. These results
demonstrate the superiority of the modified EOM scheme in enhancing signal integrity and reducing
interference. The maximum Q-Factor also confirms that the modified EOM scheme outperforms the dual EOM
scheme by 128.88% in extreme weather. This highlights the enhanced robustness of the modified EOM system,
making it more reliable for high-capacity FSO networks, particularly in real-world applications with
challenging weather conditions.
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Figure 6. Performance comparation of bipolar OCDMA with dual EOM and modified EOM scheme in

AWGN channel under normal and extreme weather condition for WH codes: (a) min. log of BER and
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In Figure 7(a), which compares the performance of RD codes in both the dual EOM and modified
EOM schemes under AWGN conditions, the modified EOM scheme demonstrates significant improvement.
The minimum Log of BER for RD codes in the modified EOM scheme is 51.13% lower than in the dual EOM
scheme at a transmission range of 500 meters, indicating better noise resilience and interference suppression.
For RD codes under extreme weather conditions, the modified EOM scheme maintains its advantage despite
increased atmospheric disturbances. The minimum Log of BER in the modified EOM scheme is 72.74% lower
than in the dual EOM scheme under extreme weather conditions, proving its robustness in harsh environments.
Meanwhile, Figure 7(b) shows that the maximum Q-Factor for RD codes in the modified EOM scheme is
23.40% higher than in the dual EOM scheme, reinforcing the enhanced signal quality achieved with this
method. These findings confirm that RD codes benefit significantly from the modified EOM scheme, leading
to better overall system performance in an AWGN channel. For the maximum Q-Factor performance, RD
codes in the modified EOM scheme achieve a 41.74% higher Q-Factor compared to the dual EOM scheme.
This significant improvement suggests that the modified EOM scheme ensures better signal integrity and
stability even under adverse weather conditions, making it more suitable for practical deployment in real-world
FSO communication systems.
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Figure 7. Performance comparation of bipolar OCDMA with dual EOM and modified EOM scheme in
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A closer look at Figure 8(a) reveals that the modified M-sequence (MS) codes benefit significantly
from the modified EOM scheme in AWGN conditions. The results indicate a 131.41% lower minimum Log of
BER compared to the dual EOM scheme at a 500-meter transmission range, demonstrating superior noise
suppression. Under extreme weather conditions, performance degradation becomes more evident, but the
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modified EOM scheme maintains a 164.45% lower BER than the dual EOM scheme despite increased
atmospheric disturbances. This improvement indicates a higher resilience to environmental variations.
Meanwhile, Figure 8(b) presents a 53.66% improvement in the maximum Q-Factor, confirming enhanced
signal clarity and reliability when using the modified EOM scheme. These findings highlight the advantages
of the modified EOM approach in improving the performance of Modified MS codes in standard FSO
environments. The maximum Q-Factor in extreme weather remains 75.58% higher for the modified EOM
scheme, reinforcing its ability to sustain signal integrity even under challenging conditions. These results
confirm that the modified EOM-based bipolar OCDMA system is better suited for real-world FSO applications,
ensuring reliable communication across varying operational environments.

20 - : - : : - - - 28 —— .
—+— Modified EOM (Normal Weather) Pl T i
-40 [ |—#— Dual EOM (Normal Weather) #* <
Madified EOM (Extreme Weather) -~ ok .
———— Dual EOM (Extreme Weather) o / —

50 - + 4 — “*’\\

5]
4
S

80 — ¥

]
5

Min. Log of BER
N2
5] 5
1
|
*
+
*
*
X
*
\
\ \
\ N
Max. Q Factor
B 3 »
|
4
/
t
/
/
#
-

| [~ Madified EOM (Normal Weather) ™~

_—F 120 | Dual EOM (Normal Weather) .
180 — ++ 1 ol Modified EOM (Extreme Weather) ‘\\
.t Dual EOM (Extreme Westher) J
180 8
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
FSO Range (m) FSO Range (m)
(a) (b)

Figure 8. Performance comparation of bipolar OCDMA with dual EOM and modified EOM scheme in
AWGN channel under normal and extreme weather condition for Modified MS codes: (a) min. log of BER
and (b) max. Q-factor

In bipolar OCDMA systems, the analysis of eye diagrams serves as a critical means of assessing signal
quality and integrity [35]. Comparing the performance of the eye diagrams between systems employing the
modified EOM scheme and those using the dual EOM scheme reveals significant advantages for the former.
The superiority of the modified EOM scheme stems from its ability to transmit signals corresponding to both
chips “0” and “1” within the signature code, thereby offering a more comprehensive representation of the
transmitted data. In contrast, the dual EOM scheme exclusively transmits signals corresponding to chip “1” in
the signature code, leading to a less nuanced depiction in the eye diagram. As a result, the eye diagram in the
modified EOM scheme exhibits clearer and more distinct eye openings, indicating enhanced signal clarity and
reduced distortion. This improvement is illustrated in Figure 9, where Figure 9(a) shows the eye diagram for
the dual EOM configuration and Figure 9(b) presents the eye diagram for the modified EOM scheme. This
clarity translates into improved system performance metrics such as reduced BER and higher Q-factor.
Consequently, in bipolar OCDMA systems, the use of the modified EOM scheme proves superior to the dual
EOM scheme, ensuring more reliable and efficient communication networks.
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The modified EOM-based bipolar OCDMA system offers significant advancements over existing
bipolar modulation techniques, particularly in polarization coding for wireless optical communication. While
phase modulator-based approaches enhance spectral efficiency, they are highly sensitive to phase noise and
polarization mode dispersion, making them less reliable in turbulent FSO environments [27]. In contrast, the
modified EOM technique employs intensity-based bipolar modulation, which is more resilient to phase
distortions, improves MAI suppression, and enhances overall system robustness. Integrating SAC further
simplifies implementation, making the system more scalable and interference-resistant for large-scale FSO
deployments.

Scalability, however, remains a challenge, as increasing the number of users can lead to higher MAI,
greater computational complexity, and signal degradation over long distances. Advanced coding techniques,
hybrid spectral/spatial OCDMA, dynamic code allocation, and OFDM integration can enhance spectral
efficiency and user separation. Moreover, machine learning-based resource management, adaptive beam
steering, and hybrid FSO-fiber systems can improve reliability. While simulations show significant
enhancements in BER and Q-factor for limited-user scenarios, experimental validation under diverse
conditions—including extreme weather scenarios—is crucial for large-scale deployment. Synchronization and
interference management are also critical for maintaining reliable performance in large-scale FSO systems.
Variations in propagation delays, atmospheric conditions, and hardware inconsistencies necessitate precise
time synchronization using optical clock recovery, adaptive algorithms, and phase-locked loops (PLLS). The
modified EOM system reduces MAI using orthogonal codes, but as user numbers grow, additional techniques
like interference cancellation and polarization-based multiplexing are needed. Dynamic resource allocation,
including adaptive power control and machine learning-based bandwidth distribution, can further optimize
performance, ensuring stable communication under challenging conditions.

The implementation of the modified EOM system in FSO communication offers enhanced spectral
efficiency and signal robustness but also presents technical challenges. The system relies on a CW laser array
with a 0 dBm output, Mach-Zehnder modulators with a 30 dB extinction ratio, an EDFA for signal boosting,
and APDs for efficient signal decoding. The FSO transceiver features a 5 cm transmitter and a 20 cm receiver
aperture, with a beam divergence of 2 mrad, enabling effective transmission over distances of 50 to 500 meters.
However, system costs and energy consumption remain key obstacles. Maintaining optical stability requires
adaptive mechanisms and regular calibration, while integration with existing infrastructure must address
thermal noise and multipath interference.

Compared to OFDM, which optimizes spectral utilization through orthogonal subcarriers but suffers
from high PAPR and computational complexity, the modified EOM-based system provides a more efficient
alternative for high-density communication. However, its lack of frequency diversity may limit performance
under dynamic channel conditions. A hybrid approach combining OFDM with the modified EOM-based
bipolar OCDMA system could improve scalability and interference resistance by leveraging OFDM’s
frequency diversity while maintaining OCDMA’s efficient coding structure.

Future research should focus on experimental validation under extreme weather conditions, improving
synchronization techniques, and developing adaptive interference management strategies. Additionally,
practical field trials will be essential to bridge the gap between theoretical simulations and real-world
deployment, ensuring the system’s feasibility for next-generation high-capacity optical networks.

4. CONCLUSION

This study presents a novel approach to enhancing FSO communication through a modified EOM in
OCDMA systems. Compared to the conventional dual EOM technique, the modified EOM improves BER
reduction and Q-factor enhancement while maintaining superior performance over distances up to 500 meters,
reinforcing its suitability for medium to long-range FSO applications. Beyond performance gains, the modified
EOM significantly reduces MAI, ensuring greater reliability in data transmission. Further analysis under
extreme weather conditions, highlights its resilience, demonstrating minimal performance degradation and
strong signal integrity. These findings contribute to advancing optical communication technologies, addressing
the increasing demand for high-speed, secure, and reliable wireless networks, particularly for 6G applications.

Future research should focus on scalability, testing performance with more users, and expanding
extreme weather evaluations. Integrating hybrid modulation techniques, such as OFDM, could further optimize
spectral efficiency and system resilience. Practical field trials will be essential for validating real-world
applicability. Potential applications include urban wireless backhaul, satellite communications, and loT
infrastructure. However, challenges like alignment sensitivity and cost-effective deployment must be addressed
before commercialization. Ensuring real-world viability through field testing under extreme weather conditions
will be key to bridging the gap between theoretical models and practical deployment, paving the way for more
resilient high-capacity optical networks.
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