symmetry MoPY

Article
Cross-Water—Air Optical Wireless Communication Using
Orthogonal Time-Frequency Space Modulation

Dianbin Lian !, Yan Gao 12 and Jie Lian 3*

School of Electronics and Information, Northwestern Polytechnical University, Xi’an 710065, China;
link@mail. nwpu.edu.cn (D.L.); yangao_5@mail.nwpu.edu.cn (Y.G.)

School of Information Engineering, Xi’an University, Xi’an 710065, China

School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710065, China
Correspondence: jielian@nwpu.edu.cn

Abstract: This paper examines the communication difficulties encountered in cross-media wireless
optical transmission through simulated research on the utilization of orthogonal time and frequency
space (OTFS) modulation technology. Our analysis and comparison demonstrate that OTFS signifi-
cantly improves the reliability and throughput of data transmission in intricate multipath channel
settings. In contrast to conventional orthogonal frequency division multiplexing (OFDM) technology,
OTES displays better resilience and transmission effectiveness. We foresee additional enhancements
and progress in OTFS technology to present a sturdier and more efficient resolution for wireless
communication, thereby providing valuable perspectives and encouragement for associated re-
search initiatives. Our results underscore the capability of OTFS technology to transform wireless
communication systems in demanding multipath channel conditions.
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1. Introduction

Recently, the integration of underwater unmanned vehicles (UUVs) and aerial un-

flr;)e':‘c:tfgsr manned vehicles (UAVs) has sparked significant progress in autonomous systems. This
Citation: Lian, D.; Gao, Y;; Lian, J. blending of the two areas has created opportunities for innovative cross-domain appli-
Cross-Water-Air Optical Wireless cations, transforming sectors such as environmental monitoring and defense operations.
Communication Using Orthogonal An essential hurdle in fully leveraging this integration is the establishment of effective
Time-Frequency Space Modulation. and dependable communication channels between UUVs and mobile UAVs, particularly
Symmetry 2024, 16, 571. https:// in settings where conventional communication approaches may face constraints [1-4].
doi.org/10.3390/5ym16050571 One potential solution to address the challenges of communication between UUVs and

mobile UAVs is to explore the use of advanced networking technologies such as cognitive
radio networks, which can dynamically adapt to changing environmental conditions and
optimize communication performance [5,6].

In addjition, error correction coding schemes such as Reed-Solomon codes and convo-
lutional codes are also incorporated to enhance the reliability of communication links in
challenging environments. Optical wireless communication is becoming a viable solution

for overcoming communication obstacles in scenarios involving water, air, and land bound-
aries. To enhance system performance in scenarios with restricted bandwidth, different
modulation techniques like on—off keying (OOK) modulation, pulse position modulation
(PPM), pulse amplitude modulation (PAM), quadrature amplitude modulation QAM, and
This article is an open access article ~ OTthogonal frequency division modulation (OFDM) are explored to increase transmission
distributed under the terms and  Speeds, spectral efficiency, and system dependability [7-9].
conditions of the Creative Commons In the realm of cross-media communication, conventional modulation techniques such
Attribution (CC BY) license (https:// ~ as OFDM have played crucial roles. Optical orthogonal frequency division multiplexing
creativecommons.org/licenses /by / (O-OFDM) is a specialized technology that employs orthogonal subcarriers for subcar-
40/). rier intensity modulation. It is widely used in specific wireless optical communication
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systems [10-12]. For example, in a study by Chen et al. (2017), a transmission speed of
5.5 Gbps was achieved for uplink and downlink over a 26 m water—air channel using
the OFDM technique. Another research paper [13] evaluated the performance of three
prevalent O-OFDM schemes with SiPM receivers. The study concluded that DCO-OFDM
provides the most extensive operational link range while maintaining the target achievable
bit error rate (BER). Moreover, the study highlighted the importance of considering the
effects of various environmental conditions on the performance of optical communication
systems utilizing O-OFDM schemes.

To address the challenges posed by complex channels in OFDM, the Orthogonal time—
frequency spacing (OTFS) technique has emerged as a promising solution [14,15], which is a
potential waveform candidate that is frequently used in sixth-generation (6G) wireless com-
munication networks and is shown to improve performance in high-mobility scenarios [16].
OTFES utilizes a nonlinear modulation method to convert signals in the time-frequency
domain, optimizing signal transmission in scenarios with multiple propagation paths. A
notable advantage of OTFS is its utilization of the discrete Doppler effect within multipath
environments, leading to a notable improvement in signal transmission efficiency. By em-
ploying a transformation from the time-frequency domain of conventional OFDM signals,
OTEFS achieves spectral concentration in the time domain. This concentration focuses energy
on specific time instances, thus reducing signal distortion and interference arising from
multipath propagation. Consequently, OTFS enhances the resilience and dependability of
communication systems in high-speed mobile settings and intricate channel conditions [17].
This improvement in signal transmission efficiency is especially advantageous in situations
where it is crucial to uphold high data rates and ensure reliable communication links. In the
underwater scenario, OTFS modulation has been shown to have a promising application in
acoustic networking [18].

The research investigated underwater acoustic communication involving four users
through a vertically configured time-varying underwater acoustic channel spanning 1 km,
utilizing massive MIMO OFDM-based OTFS systems. The study achieved an impressive
throughput of up to 198.7 kbps per underwater vehicle [19]. Additionally, in a different
study [20], a novel DC-biased OWC scheme for Orthogonal Time-Frequency Multiplexing
(OTEFM) was introduced, exhibiting superior performance compared to conventional DC-
polarized OFDM schemes. Moreover, research [21] indicated that OTFS surpasses OFDM
and GFDM concerning the Peak-to-Average Power Ratio (PAPR).

In this context, the proposed cross-water-air bound OTFS optical wireless communi-
cation solution aims to address the specific communication needs of UUVs and moving
UAVs, highlighting the fundamental principles of OTFS modulation and its efficacy in miti-
gating the obstacles posed by dynamic and dispersive environments. This paper presents
a new cross-water-air bound OTFS optical wireless communication solution designed to
meet the communication requirements of UUVs and moving UAVs. We delve into the
basic principles of OTFS modulation and emphasize its effectiveness in overcoming the
challenges presented by dynamic and dispersive environments.

2. Optical OTEFS for Cross-Water—Air System

In this section, we explore the transmission of the OTFS signal, the channel model,
and the processing involved in receiving the signal.

2.1. Transmitted Signal

The DCO-OTFS modulation technique provides similar benefits to DC-biased OFDM
(DCO-OFDM) and aligns with our system design, illustrated in Figure 1. Light-emitting
diodes (LEDs) are commonly employed as the primary light source in visible light commu-
nication systems, promoting the widespread use of intensity modulation/direct detection
(IM/DD) modulation [22]. Alongside the concept of DC-biased OFDM (DCO-OFDM), we
opt for DCO-OTES as our modulation technique, as shown in Figure 1. In this diagram, bi-
nary data undergo modulation using L-QAM and are then mapped onto the complex plane.
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Subsequently, the inverse symplectic Fourier fast transform (ISFFT) is applied. Given the
use of IM/DD, it is essential to ensure that the OTFS signal in the time-frequency domain is
real-valued. Thus, a Hermitian symmetric signal must be generated before the Heisenberg
transform. To prevent the transmission of negative signals, a DC bias is introduced before
driving the LED with the signal.
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Figure 1. Block diagram of OTFS sea-air system.

At the transmitter, we assume that a single frame consists of M x N samples, where M
indicates the number of subcarriers and N represents the number of time slots. Initially, the
(m,n)th L-QAM data symbol XPP[m, n] in the delay-Doppler (DD) domain, generated us-
ing quadrature amplitude modulation (QAM), can be transformed into the time-frequency
(TF) domain through the use of the inverse symplectic Fourier transform (ISFFT). In the
time-frequency domain, the (I, k;)th sample, X TF[1,k], can be obtained by

1 N-1M-1 27 ( ”kfnl)
X[, ks] = N Yo Y XPPlmnle N (1)
n=0 m=0

As mandated by the Hermitian symmetry property, the signal’s real and imaginary
components are required to display symmetry around the origin in the time-frequency do-
main. To preserve the signal’s real-valued nature, a transformation maintaining Hermitian
symmetry is employed on the signal within the TF domain, drawing on the Hermitian sym-
metry found in real-valued optical orthogonal frequency-division multiplexing (O-OFDM)
systems for inspiration. In the envisaged DCO-OTFS system, the modulated data must
adhere to the following criteria:

XTFi ks] = X[2(Ns +1) — i, ks]TF*, 0 <i < N; )
XTF[0,ks] = X[Ns +1,ks]™F* =0 ’

where (-)* represents the complex conjugate operation, and Ny = N/2 — 1.

XTEL i) = X[L,2(Ms + 1) —i]TF*, 0 <i < M; 3)
XTF[1,0] = X[I, Ms +1]TF* =0 ‘

Similar to (2), we have My = N/2 — 1.
The conversion process entails mapping the signal from the frequency-time domain,
labeled as X', to the OTFS transmitted signal using the Heisenberg transform. Subse-



Symmetry 2024, 16, 571

40f12

quently, the signal in the frequency-time domain, denoted as XF, is transformed into the
OTFS transmitted signal via the Heisenberg transform.

N-1M-1 ]
s() =Y Y XTF[L k|gex(t — KT)ef2mAS (KT )
k=0 [=0

The signal s(t) sent according to Equation (4) is a sum involving the indices k and I. In this
sum, XTF[1, k] is multiplied by gty (t — kT)e2TAf(t=KT) 'where T stands for the sampling
interval, and g () denotes the transmitted pulse.

To prevent the transmission of negative-valued signals, a direct current (DC) bias is
introduced. Consequently, the optical orthogonal frequency-division multiplexing (OTES)
signal with DC bias can be expressed as

xpco(t) = s(t) +d. (5)

Normally, the bias d is set to approximately half of the maximum permissible power limit
for transmission.

The DCO-OTFS transmitted signal xpco(t) is affected by the sea-air channel effects,
represented by h(t), as it travels through this medium. The channel response, also labeled
as h(t), describes how the sea-air channel influences the transmitted DCO-OTFS signal
xpco (t) within this environment. To mitigate inter-symbol interference, a cyclic prefix (CP)
is appended to the signal following the Heisenberg transform. Additionally, a DC bias
is incorporated to prevent zero-clipping. Subsequently, the DCO-OTFS signal xpco(#) is
transmitted through the sea-air channel characterized by h(t).

2.2. Channel Model

To thoroughly examine the channel model in this specific scenario, it is crucial to
consider the various factors influencing the transmission of the light signal. These factors
encompass scattering phenomena, transitions between different mediums, and the dynamic
nature of the channel influenced by the UAV’s movement. The captured light signal
experiences additional attenuation and scattering due to atmospheric conditions and the
UAV’s motion. In contrast to conventional OWC systems, the channel under scrutiny
in this research is particularly intricate due to the involvement of multiple mediums for
signal propagation. Initially emitted from a UUV, the light signal encounters scattering and
attenuation in water, followed by further scattering induced by the irregular sea surface.
Ultimately, the UAV in flight receives the light signal.

We start by examining the channel characteristics of seawater, which play a crucial
role in determining the efficiency of OWC systems. The behavior of light in water is
heavily influenced by its inherent optical properties, particularly absorption and scattering
phenomena. When a parallel light beam with a wavelength A and width AD enters the
water with an initial power of P;, (1), it undergoes the absorption P;s(A) and scattering
Pscq(A) processes, leading to the light’s output power P,,¢(A). According to the law of
energy conservation [23], the sum of absorption, scattering, and output powers must be
equal to the input power:

Pabs ()\) + Psca()\) + Pout(/\) =P ()\) (6)

The absorbance a(A) and scattering b(A) coefficients can be calculated by applying
the definitions of absorbance and scattering, taking into account the width of the incident
light beam AD.

P

A) =1 abs
aA) =lim 55 @
b(A) = lim Feca (8)
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The attenuation coefficient of light ¢(A) is the sum of absorption and scattering coefficients:
c(A) =a(A)+b(A) )

The light power I after propagating a distance z can be expressed using the attenuation
coefficient:
[ = Ipe Wz, (10)

where Iy represents the power of the transmitted light.

The scattering phase function ¢ is utilized to represent the probability distribution of
new propagation directions after scattering events. A commonly employed function for
this purpose is the Henyey—-Greenstein (HG) function [23]:

5i9) = o g
89 = 4 (1+ g2 —2gcos¢)3/2’

(11)

The scattering anisotropy factor denoted as g, plays a crucial role in determining the
scattering behavior. A value of 1 for g indicates a prevalence of forward scattering, while a
value of —1 suggests a tendency towards backscattering. The determination of the volume
scattering function for various oceanic categories is based on empirical data obtained from
measurements [24]. Moreover, the scattering phase function & is fundamental in illustrating
the probability distribution of new propagation directions following scattering, with the
Henyey—Greenstein (HG) function being commonly utilized for this purpose [23].

At the interface of air and water, disruptions induced by elements like wind and waves
can result in deflection, reflection, and refraction in the optical pathway, posing difficulties
in aligning the transmission and reception points. The P-M spectrum is frequently em-
ployed to replicate the ocean surface. Pierson and Moskowitz analyzed wind and wave
data from the Pacific Ocean, formulating distinct dimensionless spectra to represent them.

2
S(w) = Egexpl-0(3)", (12)
where g represents the local gravitational acceleration, x is dimensionless with a value of
8.1 x 1073, w denotes the angular frequency, ¢ is a constant set at 0.74, and U stands for
the wind speed at a height of 19.5 m above the sea level. The directional function ¥ (6),
primarily derived from observational statistics, is introduced by the International Towing
Tank Conference (ITTC) as

P(0) = Zcos2(6), (13)

where 0 denotes the angle between the wave propagation direction and the current wind
direction. Generally, the sea surface directional spectrum S(w, #) is commonly expressed
as the product of two functions as

5(w,0) = S(w)y(6). (14)

To derive the channel impulse response (CIR) for the sea—air optical channel, the
information carried by received photons undergoes analysis post Monte Carlo simulations
(MCS) [25]. Each photon’s data encompasses its total traversal distance within the channel,
convertible to the photon’s perceived time using the speed of light in both seawater and
air. By summing the arrival times of all photons and plotting the distribution of photon
weights across different times, the pulse time domain response /(t) is obtained. Under the
assumption of a ray-based quasi-static propagation channel, the complex-valued Doppler-
variant channel impulse response (7, v) is delineated in terms of delay T and Doppler
frequency v as

h(t,v) = i hpej‘i’P(S(T —Tp)o(V —vp). (15)
p=1
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In the given context, P denotes the number of propagation paths and 4(-) stands for the
Dirac delta function. The variables 1, and ¢, in the equation represent the complex gain
and phase shift linked to each propagation path, respectively.

2.3. Received Signal Processing

The receiver functions as the opposite process of the transmitter. The signal y(t)
captured by the avalanche photodiode (APD) receiver can be expressed as

y(t) = ///[h(T’V)XDCO(t — T)ejzmj(tfr)drdv +n(t), (16)

n(t) denotes the additive white Gaussian noise. Following this, the received signal y(t) goes
through DC bias removal and CP removal. The receiver utilizes the receiving pulse g ()
for matched filtering. The cross-ambiguity function is employed to obtain the matched
filter output, allowing the receiver to effectively extract the transmitted information from
the received signal.

gt f) = [ gt = Hy(t)e P00t (17)

The symbols obtained in the time-frequency domain, represented as Y'F[I, k], are obtained
by sampling the cross-ambiguity function A(t, f) at f = nT and f = mAf. The symbols
YTF[1,k] in the time—frequency domain are acquired by sampling the cross-ambiguity
function A(t, f) att = nT and f = mAf.

YT K] = Y (b f)limnt, femnf = Dgroy (b F)limnT, fomaf (18)

This process corresponds to the Wigner Transformation, as illustrated in Figure 1. It
involves converting the time-domain signal y(t) into the time-frequency domain signal
YTE. Subsequently, the time-frequency domain signal YF is further converted into the DD
domain signal YPP using the SFFT as

yDD _ 1 NN YTF(1 Kle— 2% 1) 19
[m,n] - \/m Z Z [/ ]E ( )
k=0 1=0

In the end, the signal YPP is transmitted in the DD domain following demodulation and

conversion from parallel to serial. The conversion of the time-frequency domain signal YT*
into the Dp domain signal YPP through the SFFT is a vital stage in the signal processing
sequence before the ultimate transmission of the signal YPP in the DD domain.

3. Simulation Results and Discussions

In this section, we carry out simulation experiments to examine the communication
performance of the OTFS method in the context of cross-medium wireless optical commu-
nication [25,26].

The simulation scenario illustrated in Figure 2 portrays an LED light source emitting
light beams continuously underwater. These beams are dispersed by water particles and
bent by uneven surface inclines formed by tides and wind. An aircraft travels in a linear
path towards the zenith of the light source, upholding a 100 m distance from the vertical
point and moving parallel to it. Communication between the aircraft and the light source is
established during this phase.

The simulation experiments consist of two main parts: (a) Utilizing the Monte Carlo
method to replicate the communication channel and determine the CIR. (b) Evaluating the
properties of CIR within the DD domain and comparing their Bit Error Rates (BER) with
conventional OFDM modulation. Table 1 displays the essential parameters necessary for
channel simulation.
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Air

Figure 2. Scenarios of collapsing medium optical communication.

Table 1. MC simulation parameters.

Water type Dyater D,ir
Clean water 50 m 50 m
Beam width FOV Photons number
n/6 s 107
Aperture Aircraft speed Wind speed
02mx02m 50/100/200 m/s 10m/s

The simulation experiments revealed a significant relationship between wind speed
and sea surface wave characteristics. Lower wind speeds were found to result in faster
local variations on the sea surface and increased fluctuations in wave height. This study
introduces a wave model that considers various wind speeds based on the JONSWAP
spectrum and the directional spectrum recommended by ITTC, within a fixed wind field
spanning 1000 km. The sea surface was simulated using Monte Carlo simulation and
FFT based on the spectrum. Initially, the system’s white noise was Fourier transformed
and then convoluted with the sea surface power spectrum. Subsequent Fourier inverse
transformation produced the sea surface roughness function, and discrete samples of the
sea surface elevation were obtained following the sampling theorem. The simulation results,
illustrated in Figure 3, demonstrate that lower wind speeds accelerate local sea surface
variations and increase wave height fluctuations. Conversely, higher wind speeds lead to
smoother wave height curves, elongated distances between wave peaks and troughs, and a
gradual decrease in the peak spectral frequency, concentrating the wave spectrum energy
within a lower frequency range.

The model of CIR in the DD domain, as depicted in Equation (19), enables the analysis
of different channel conditions of the aircraft at various speeds, as shown in Figure 4. By
employing Equation (19), we can represent the CIR within the DD domain, with Figure 4
demonstrating the diverse channel conditions of the aircraft at different velocities.
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Figure 3. Water-air surface model under different wind speeds.

Doppler/Hz

450 500 550 600 650 700 i 300 350 400 450 500 550 600 650 700
Delay/ns Delay/ns
(@) (b)

Figure 4. CIR in DD domain at an aircraft speed of (a) 50 m/s and (b) 200 m/s.

The outcomes of our simulation experiments indicate that OTFS performs better than
OFDM in terms of bit error rate, especially in high-mobility scenarios within wireless
optical communication. Our objective is to conduct a comparative analysis between OFDM
and OTFS methods in these experiments. We have employed QAM as our modulation
technique, as shown in Figure 5. The simulation encompasses modulation orders of 2,
4, 8, and 16, with both M and N values set at 32, along with a subcarrier spacing of
500 kHz. Through the transmission of 100 data frames, it becomes evident that OTFS
exhibits a lower bit error rate when contrasted with OFDM. This finding underscores the
superior performance of OTFS over conventional OFDM in wireless optical communication,
particularly in scenarios requiring high mobility.

This pattern indicates that as the aircraft’s speed increases, there is a corresponding
rise in the bit error rate (BER), in line with the expected findings. The data depicted in
Figure 6 showcase the error rate performance of data transmission on the aircraft across
various flight speeds (50 m/s, 100 m/s, and 200 m/s) using a modulation order of 4-QAM.
The light source is inclined at a 30-degree angle in the positive y-axis direction. It is evident
that as the speed of the aircraft escalates, the BER also escalates, confirming our predicted
outcome. This occurrence is especially evident in situations where the aircraft is moving at
higher velocities, leading to a more pronounced influence on the quality of transmission.
The influence becomes more substantial as the speed of the aircraft increases, as depicted
in Figure 6.
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Figure 5. BER performance with different SNR. (a) 2—QAM. (b) 4—QAM. (c) 8—QAM. (d) 16—QAM.
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Figure 6. BER performance with different aircraft speeds.

Furthermore, we investigate how adjusting the tilt angle of the light source can impact
the transmission quality in the optical communication system. The simulation results are
shown in Figure 7. In this figure, we examine a scenario where an aircraft is traveling
along a straight path on the negative x-axis and consider various configurations: a light
source with no tilt, a light source tilted 30 degrees along the positive x-axis, and a light
source tilted 30 degrees along the positive y-axis. In subfigure (a), the aircraft is directly
above the light source at a speed of 0 m/s, while subfigure (b) shows the aircraft moving
at 200 m/s in the negative x-axis direction. The findings suggest that changing the tilt
angles of the light source can lead to the deflection or refraction of optical signals during
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transmission, impacting the overall transmission quality of the optical communication
system and increasing the bit error rate.

10° 10
OFDM-0°
- = OTFS-0°

OFDM-y30°
— = OTFS+y30°

102
[ 4
4 107 4
103 A
\
\
103 \
10 \
\
\
\
10 4 i L " i 10—5 + L L "
10 5 0 5 10 15 10 5 0 5 10 15
SNR(dB) SNR(dB)
(a) (b)

Figure 7. BER performance with a light source tilt angle of 0 degrees and 30 degrees. (a) The speed of
the plane is 0 m/s. (b) The speed of the plane is 200 m/s.

This analysis helps us to comprehend the complex connection between data trans-
mission rates and the corresponding bit error rate, emphasizing the challenges brought
about by high-speed transmission concerning signal quality and channel requirements.
Additionally, we are investigating the impact of various data transmission rates on the bit
error rate, as shown in Figure 8. Higher data transmission rates necessitate broader band-
width and higher frequencies, which place more stringent demands on signal quality and
transmission channels. Consequently, high-speed transmission may lead to a heightened
bit error rate due to the increased vulnerability to noise, interference, and signal distortion.
The simulation parameters involve a flight velocity of 200 m/s and modulation schemes of
4—-QAM, 8—QAM, and 16-QAM. By setting M to 32, the subcarrier spacing varies from
100 kHz to 1 MHz, progressively increasing the symbol transmission rate from 3.2 Mbps to
32 Mbps.

Moreover, the research explores how the inclination angle of the light emitter affects
the bit error rate performance at different velocities, shedding light on how this factor
impacts communication efficiency. The findings from the simulations provide crucial
information on the communication efficacy of the OTFS technique in a wireless optical
environment with diverse mediums. The evaluation highlights the advantages of this
method compared to conventional OFDM in high-mobility settings and demonstrates the
influence of various parameters on system performance.

-
e

BER
=]
)

=@ - OTFS-4QAM
—— OFDM-4QAM
— ¥ - OTFS-3Q0AM
—3— OFDM-8QAM
=B - OTFS-160QAM
= OFDM-16QAM

104 F

7N

/ ~°,_o

0 5 10 15 20 25 30 35

Figure 8. BER performance with different baud rates.
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4. Conclusions and Future Work

This paper conducts an in-depth simulation study on communication challenges faced
in cross-media wireless optical transmission scenarios, specifically examining the use of
OTFS modulation technology. Through experimental simulations, we evaluated the OTFS
performance in complex multipath channel environments and contrasted it with traditional
OFDM. Our results demonstrate that OTFS shows promise in greatly improving both data
transmission reliability and throughput under challenging channel conditions. The study
suggests that OTFS modulation technology has the potential to significantly enhance data
transmission reliability and throughput compared to conventional OFDM in demanding
multipath channel scenarios.

In forthcoming research, it is essential to model and analyze the peak-to-average power
ratio of the optical OTFS signal. Given the limitation on peak transmitted power, any OTFS
signal exceeding this threshold will experience hard clipping. Future studies should take
into account these clipping effects and nonlinear distortions for a comprehensive analysis.
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