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ABSTRACT In modern communication systems, managing the Peak-to-Average Power Ratio (PAPR)
remains a critical challenge, particularly in Orthogonal Time-Frequency Space (OTFS) systems. PAPR
significantly influences the efficiency and performance of these systems, with high PAPR leading to
signal distortion and reduced system reliability. This is especially problematic in high-speed mobility
environments, such as high-speed railway systems, where OTFS modulation is favored for its robustness
in dispersive channels. However, the high PAPR in OTFS systems can compromise the performance of
power amplifiers, increasing signal distortion and Bit Error Rate (BER). This study introduces two novel
PAPR reduction techniques: a hybrid approach combining the Improved Salp Swarm Algorithm (ISSA)
with Partial Transmit Sequence (PTS) and an innovative Iterative Sub-block Phase Rotation (ISPR) method.
The hybrid ISSA-PTS approach optimizes phase rotations to reduce PAPR, while the ISPR technique
further enhances PAPR reduction by iteratively rotating sub-block phases without compromising BER.
Simulation results demonstrate that both proposed techniques significantly reduce PAPR and improve BER
performance, making them promising solutions for enhancing the reliability and efficiency of OTFS systems
in high-mobility communication environments.

INDEX TERMS OTFS, PAPR, high-speed mobility, OFDM, delay-Doppler domain, ISPR, ISSA, BER.

I. INTRODUCTION
Managing the PAPR remains a critical challenge in mod-
ern communication systems, particularly in Orthogonal
Time-Frequency Space (OTFS) systems [1]. PAPR is a cru-
cial parameter that influences the efficiency and performance
of communication systems [2]. High PAPR can lead to sig-
nificant signal distortion and reduced system reliability. It is
imperative to address this issue to optimize communica-
tion performance and ensure the successful deployment of
advanced modulation schemes [3].

The rapid growth of high-speed mobility, particularly in
high-speed railway systems, has led to a surge in traf-
fic flow and the widespread adoption of vehicle-mounted
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communication systems [4]. As a result, there is growing
attention on enhancing wireless communication technolo-
gies in high-mobility environments, and satellite. OTFS is
a promising modulation technique for high-frequency, high-
latency communication settings [5]. Known for its resilience
in dispersive channels, OTFS offers improved data transmis-
sion reliability. However, a significant drawback of OTFS
systems is the high PAPR associated with their signals, lead-
ing to inefficiencies in power amplification and potential
signal degradation [6].

Addressing the high PAPR in OTFS systems is crucial
for advancing their practical application [7], [8], [9]. Exten-
sive research has focused on developing effective PAPR
reduction techniques. In this study, two systems have been
proposed, hybrid the two sophisticated optimization tech-
niques: the Improved Salp Swarm Algorithm (ISSA) and
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Partial Transmit Sequence (PTS). The ISSA, an advanced
metaheuristic optimization algorithm, enhances the search for
optimal phase rotations, while PTS adds a layer of phase
manipulation to reduce PAPR further. The integration of
these techniques aims to create a robust solution for PAPR
reduction in OTFS systems [9].

The novelty of the second technique lies in the innovative
combination of Iterative Sub-block Phase Rotation (ISPR),
forming a comprehensive framework for PAPR reduction.
This hybrid approach leverages the strengths of each tech-
nique, offering a scalable and effective solution that not only
improves the efficiency of PAPR reduction but also con-
tributes to the advancement of communication technologies.
While ISPR has shown promise in lowering PAPR while
maintaining signal integrity, further optimization is necessary
to enhance its effectiveness.

This study offers a significant contribution to the ongoing
efforts to address PAPR challenges and enhance the reliability
of modern communication systems.

The remainder of this study is structured as follows:
Section II reviews related work in OTFS and PAPR reduction
techniques. Section III provides a detailed overview of the
OTFS system, including its PAPR expression. Section IV
introduces the proposed systems, focusing on the first pro-
posed system, hybrid ISSA with PTS in the OTFS system,
and detailing the second proposed system, ISPR-OTFS. The
simulation results, including an analysis of complexity, are
presented in Section V. Section VI concludes the paper with
a summary of the findings and potential future research
directions.

Il. RELATED WORK

OTFS modulation has emerged as a promising solution for
high-frequency communication environments, particularly
in scenarios characterized by high latency and significant
Doppler shifts [10]. Unlike traditional Orthogonal Fre-
quency Division Multiplexing (OFDM), which operates in
the time-frequency domain, OTFS transmits information
symbols in the delay-Doppler (DD) domain, transform-
ing a doubly-dispersive channel into a nearly non-fading
one, as demonstrated by Sui et al. in their low-complexity
detection scheme for spatial modulation-aided OTFS sys-
tems operating in doubly-selective channels [11]. Despite
its advantages, OTFS, like OFDM, suffers from the prob-
lem of high Peak-to-Average Power Ratio (PAPR), which
can cause significant signal distortion and degrade system
performance [12].

OTFS has gained attention for its ability to maintain
consistent symbol performance across a data frame by lever-
aging the delay-Doppler (DD) domain, making it resilient to
channel fading effects, as analyzed by Shi et al. in the con-
text of integrated sensing and communication systems [13].
However, as with OFDM, OTFS systems are prone to
high PAPR, particularly when the number of Doppler bins
increases [14]. High PAPR poses a significant challenge
as it can push the High Power Amplifier (HPA) into a
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non-linear operating region, resulting in signal distortion
and increased Bit Error Rate (BER), as discussed by
Khalaf et al. in their study on non-linear companding tech-
niques for PAPR reduction in OFDM [15]. Consequently,
various PAPR reduction techniques have been developed,
focusing on either signal distortion or multiple signaling and
probabilistic methods [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27].

Partial Transmit Sequence (PTS) is a widely studied tech-
nique for PAPR reduction in OFDM and OTFS systems.
It divides the signal into several sub-blocks, each phase
rotated independently to minimize PAPR. While effective,
PTS is computationally intensive and requires the transmis-
sion of side information, which can reduce overall spectral
efficiency [3], [28]. PTS requires side information to be
transmitted, adding to the system’s complexity and reducing
efficiency [28].

The integration of Particle Swarm Optimization (PSO)
with PTS has been explored to reduce the computational
complexity of the traditional PTS technique [29]. PSO
with PTS optimizes the phase factors for each sub-block,
effectively reducing PAPR while maintaining good BER per-
formance [30]. This method has shown promise in OTFS
systems, particularly in scenarios with large Doppler shifts,
by efficiently segmenting 2D signals and optimizing PAPR
reduction without excessive computational overhead.

The ISSA algorithm is a bio-inspired optimization tech-
nique that mimics the foraging behavior of salps [31]. In the
context of OTFS, ISSA is used to optimize the phase rota-
tion applied to sub-blocks in the PTS framework [32]. This
approach reduces the computational complexity associated
with traditional PTS while improving the performance of
the PAPR reduction. ISSA-OTFS is particularly effective
in scenarios with large Doppler shifts, where conventional
methods struggle to maintain low PAPR without compromis-
ing the BER of the OTFS with ISPR. This novel technique
enhances the traditional PTS approach by introducing iter-
ative sub-block phase rotation. This method avoids the need
for side information transmission and reduces the complexity
of searching for the optimal phase sequence. By applying
an iterative phase rotation strategy, ISPR-OTFS effectively
reduces PAPR without degrading spectral efficiency or
increasing system complexity. This makes it a promising
solution for high-speed mobility environments deployed by
OTFS systems.

1ll. OTFS SYSTEM
Figure 1 displays the block diagram of an OTFS system.
There are two 2D transformations in it. The information
symbol xg4q[n, m] in the DD domain is first mapped by
the transmitter to x,r[/, k] in the TF domain. The inverse
symplectic finite Fourier transform (ISFFT) and window-
ing implement the OTFS transformation. Subsequently, the
Heisenberg transform is used to transform Vi [, k] from
the TF domain to the time domain as the signal X(¢) and
then sent through the channel [3]. On the receiver side, the
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FIGURE 1. OTFS PAPR system model.

operations opposite to those done on the time-domain signal
Y (¢) are performed, which is then transformed by the Wigner
transform (inverse of Heisenberg transform) to get the TF
domain symbol y,[/, k]. The symbols of the TF domain are
then transformed into the DD domain with the help of the
SFFT to get yqq[n, m]. However, before X (¢) is transmitted
over the wireless channel it needs to be amplified using the
power amplifier [28]. The amplifier’s linear range must be
sufficiently comprehensive for a high PAPR. Otherwise, there
would be distortion in the transferred data.

Assume that the total duration of the transmitted OTFS
signal is N x T, and the bandwidth occupied by the transmit-
ted signal is = Af x M. The transmitted signal information
is represented in the DD domain as x44[n, m],n =0, 1, ...,
N—-1,m=0,1,...,M — 1. And x;y € Q where represents
QAM modulation where Q represents QAM modulation con-
stellations, which are regarded as grids within the 2D Doppler
grids. These symbols can be mapped to symbols in the TF
domain by ISFFT, which is [3]:

N-1 M—1 o km_in
all k1= > xdalnoml.e” TG0 (1)

Through the Heisenberg transform [3], the TF domain signal
can converted into the time-domain signal, which is given by:

N-1 M-1 ; 3
X0 => >yl ke PTHIND )

where p;, represents the periodic pulse signal with a duration
of N x T. Through Nyquist sampling with a sampling rate of
F, = Tl = B, 5(t) becomes:

N-—1 M—1
x (uTs) = ZZZO Zk:O xf L, kKpee uTs—nT)
« oIk (uTs—IT) 3)

whereu =0, 1,..., MN — 1, substitute u = k + iM, where
j=0,1,...,M—1,i=0,1,...,N—1itcanbe obtained as:

N—1 _
XGHiMI=MD G pali+iM — M) @)

j2min
where 5 [[] = SN L x (m, jle
Equation (4) is the transmission sample of the OTFS signal.
According to [16], the PAPR of a frame of discrete OTFS
transmission signal is:
max (j, i) |x G+ iM)2|
Pavg
1 —1 L
TN inO S Ells G+ iM)?|

PAPR =

&)

where P, =
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The PAPR upper bound of the transmitted OTFS signal
is [16]:

N |max [n, m]|?
PAPRyax = ———5—— (©6)
where 62 = E{|[n, m]|}?

The complementary cumulative distribution function
(CCDF) is utilized to examine the PAPR of OTFS sig-
nals. The following Equation, where PAPR is the presumed
threshold, gives the likelihood that the Peak Average Power
Ratio (PAPR) will not exceed the threshold, according to [16]:

P(PAPR < PAPRy) ~ (1 — ¢~ PAPR0) (7

Equation (8) represents the likelihood that the PAPR of the
OTFS signal delivered in each frame will not exceed A
when the Nyquist sampling ratio is 1, assuming that all OTFS
signals are uncorrelated. Reference [18] states that when the
sent signal is oversampled in a multi-carrier modulation, the
assumption that the transmitted signal samples are uncorre-
lated is invalid. As a result, the OTFS signal PAPR’s CCDF
is described as follows:

P (PAPR < PAPRy) ~ 1 — (1 — e PAPRYMY (g,

IV. PROPOSED SYSTEMS

The input data blocks of N symbols are initially partitioned
into M disjoint sub-blocks in the PTS method. Further,
IFFT is carried out separately for every sub-block and then
weighted by the phase ors by, = exp(jom)(¢m = [0, 2], 1 <
m < M). In the OTFS systems, the PFs are chosen to
minimize the PAPR value of the OTFS signals in all the sub-
blocks. The primary b, objective of this study is to choose
the OPFs, denoted by Bm which reduces the PAPR value of the
combined signals x,, where x is mathematically denoted [19],
the OPFs are selected to minimize the PAPR value, and it is
described as follows:

Ziil brxk|)

©))

M . - . -
)C:Z:k_1 brxi [bl, by, ..., bk]argmin(max

The signals with lower PAPR values are mathematically
expressed as:

M

x= Zk:l bix (10)

However, an exhaustive search is required to select OPFs,
which usually results in higher computational complexity.
Generally, the selection of OPFs is limited to a b, set of
elements b = {%i, £} that efficiently reduce the search com-
plexity. In this scenario, sets of PFs need to be searched 4
for finding the OPFs. The search complexity is increased due
to more sub-blocks, and the performance of the PTS method
in PAPR reduction is wholly based on the total number of
sub-blocks.
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FIGURE 2. Flow diagram of the PTS-ISSA for the OTFS model.

A. FIRST PROPOSED SYSTEM (PTS-ISSA-OTFS)
A schematic of the PTS-ISSA is shown in Fig. 2.

The conventional SSA is an effective swarm intelligence-
based optimization algorithm that mimics salps’ chain move-
ment behavior. Generally, the salps are divided into two types
leaders and followers [31]. The salps at the front of the chain
are considered leaders, and the residual salps are followers.
The leader guides the swarm directly or indirectly, and the fol-
lowers follow each other. Like other optimization algorithms,
the salps’ positions are determined in a d dimensional search
space. As mentioned above, the leader salps are positioned
at the front of the chain to explore the location of food
sources [32]. Iteratively, the salps update their positions or
places, which are calculated by the mathematical expression:

1_ Fi+ci ((Mbj — lbj) )+ lbj) c3>0
] Fj—c1 ((ubj — Ibj) c2 + 1bj) 3 <0

= (11)
where the upper and lower bounds are denoted as ub; and
Ibj, c1 is indicated as a coefficient value, which is vital in
balancing the exploration and exploitation abilities, ¢y and
c3 are two independent random numbers that range between
zero to one, F is represented as the location of the food
sources, and )c/.1 is denoted as the position of the 1% salps in
a d dimensional search space. In the conventional SSA, the
coefficient value c| decreases non-linearly from two to zero,
as follows:

(-4’
cp=2e"1 (12)

where the term / is indicated as the present iteration number,
and L is represented as the maximum iteration. The fol-
lower’s salps L move with the leader’s salp, after updating the
position of the followers, and this process is mathematically
expressed in the following Equation:

o= a4 (13)
) 0
where, i > 2, x; is represented as the location of the
i" follower slalp in the j* dimension, v = *=% g =
Vfinal

=, v 1s indicated as initial speed, and 7 is represented as
. o . . . .

time. By considering v, = 0, the Equation is updated and
represented as:

X =1/20x +x! (14)
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The fitness function of this study is mentioned in
Equation (15). The pseudocode of the conventional SSA and
conventional SSA for phase optimization is given below:

fitness = min(PAPR) (15)
Salp Swarm Algorithm (SSA) for optimization.
Algorithm Steps:
Initialization:

Salps of a specific population are formed. we apply this
method to create a set of salps where each salp is a candi-
date solution to the problem concerning optimization, salps
population x;, i = 1,2,3, ....., n by fixing ub and Ib values.

Iteration Loop:

The loop runs until a predefined termination condition is
reached (maximum number of iterations, permissible degree
of fitness, etc.).

Within each iteration:

Fitness Evaluation: The fitness of each salp (solution) is
thus defined according to the optimization problem in focus.

Best Search Agent (BSA) Identification: The salp with the
highest fitness value on the problem space is selected as the
new BSA (leader).

Position Update:

Leader Update: What is done with the leader is updating
its position with a levy flight equation (like the one shown in
Equation (11)). This promotes exploration.

Follower Update: Each follower changes its position by
adding a distance proportional to its distance to the leader,
a distance to its previous position, and some random move-
ment. This formula is similar to the one in Equation [14]. It is
a form of balancing exploration and exploitation at the same
time.

Parameter Adjustment:

When all salp positions are updated, new ones are deter-
mined, first by the given control parameters (A and w) to
stabilize the algorithm.

Termination and Qutput:

Finally, there is the loop-stopping condition or criterion
upon which the loop stops running.

The best fitness value in the population belongs to the BSA,
denoting the leader of the SSA algorithm who attains the best
optimal solution closer to the global optimum solution.

Phase Optimization with SSA:

The pseudocode presented appears to be a variant of the
typical SSA where the labels and numbers in the code refer to
‘phase optimization’ of a special problem of interest; The rest
of the structure of the code appears very similar to SSA; The
fitness function and possibly the position update equations,
such as Equation (15), may change depending on the problem
of interest and the variables involved in phase optimization to
suit the special problem of interest.

In ISSA, a dynamic weight element is incorporated with w
the SSA to control the global and local search ability of
the population. The Equation (14) is updated and it is
stated in Equation (16). The dynamic weight element wy is

VOLUME 12, 2024
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mathematically expressed in Equation (17).
xi= l x wyp x (x! +xi_l) (16)
) l J J
[
Wi = Wpax X C4 — (Z) X Wimax — Wimin) (17

where, wy is represented as the weight element of /™ iteration,
Wimax and wy,;, are denoted as the upper and lower limits
of the dynamic weight element w, which ranges between w
zero to one. In addition, a Levy flight process is employed
in conventional SSA to improve the optimization algorithm’s
global exploration ability by combining the short walks route
with long jumps to search the solution space. The Levy flight
process updates the population position, and it is mathemati-
cally specified as follows:

HA+D=12xwx@O+Sex 0)  (18)

where, x} (! +1) is indicated as the position of the pop-
ulations after performing Levy flight operation, x} ) is
represented as the current population position, S is stated as a
random step, which obeys the Levy distribution, and the dot
product between elements is denoted as ®.

The levy flight process combines small steps with occa-
sional larger jumps, allowing for compelling solution space
exploration. The optimization algorithm avoids getting stuck
in local minima, improving its global search capability.

The dynamic weight element w; plays a crucial role in bal-
ancing the algorithm between exploration and exploitation.
The range of w;, constrained between 0 and 1, ensures smooth
control over this balance across iterations.

The steps involved in ISSA for phase optimization are
mentioned below:

ISSA for Phase Optimization:

Initialization:

Describe the initial setting of all of the “salps’” (population
members) in the search space.

Define the number of run cycles of the algorithm to be
conducted expressed in terms of the maximum number of
iterations.

Define the population objective (the number of salps you
want).

Fitness Evaluation:

Coming up with an average fitness value for each of the
salp meeting the optimization problem we have at hand is
phase optimization in this case. Find the salp with the high
fitness value. This salp shows the current solution as the
“food source,” or let us call it the first guess for the best
solution.

Position Update:

Move all salps in the population through a time step while
keeping the next positions unknown by other salps.

The salp (salp with the best performance) moves according
to Equation (7) so that the algorithm can efficiently search the
wide area.

VOLUME 12, 2024

Lag follower salps reposition according to Equation (18),
assuming the leader’s location and the salp’s previous
coordinates.

Fitness Re-evaluation:

If the positions of all salps are changed, compute the new
fitness values for any new positions.

Food Source Update:

This can be done by comparing the newly calculated fitness
value with the current position of the food source and the
present solution.

This Equation is used to set the new food source position to
be the position of the salp. This ensures that as the iterations
proceed more and more, the algorithm gets there closer to the
optimal phase solution.

Iteration Loop:

If the main loop gets the return value “false,” return to
position update until the maximum number of iterations is
reached. The assumed parameters of the ISSA are: number
of iterations is 50, population size is 40, Wy, 1S 0.4, Wiyay 18
0.9, ubis 0.9 and Ib is 0.4.

B. SECOND PROPOSED SYSTEM (ISPR-OTFS)
This section presents the ISPR technique, an innovative
approach to reducing the PAPR. This technique aims to
simplify the usual PTS method [28] and eliminate the require-
ment for conveying side information, as seen in Figure 3.
As seen in Figure 4, the ISPR technology operates in the fol-
lowing manner: The OTFS signal and preset phase sequence
are separated into n sub-blocks, as shown in Equation (19).
In Figure 5, each sub-block of the OFDM signal of
N/n elements (S,) is then element-wise multiplied by the
corresponding sub-block phase sequences of N/n elements

Transmit Heissnbarg

Input Symbola H ISPR H ISFFT H i H et
z = Recsiver Wigner

PR 1SFR sF Windowing Transform

FIGURE 3. Flow diagram of the ISPR-OTFS system.

X{1, 911 Sub-

X1, 01 " block1.1
i 4" Sub-block 1 |<
| Sub-
X500 X0
| 222 obrock 2 |42 #12] block 1.2
Equally
divide inton ,Xﬁ' P3 Sub-block 3 o
X sub-blocks |/
" and apply . IFFT
predefined :
phase shifts
@
. Xn1,Pna,) Sub-
Sn»Pn | blockn.1
——*| Sub-block n
Xna,Pni Sub-
block n.2

FIGURE 4. Flow diagram of ISPR technique.
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FIGURE 5. Sub-block diagram.

as in (20), where N is the number of subcarriers.

X=[X17X27X3’-"5Xn]7 §0=[(pla(p2a§03’--~a‘pn]
(19)
X! = Xi.exp (j.p;) wherei=1,2,3,...,n (20)

Next, each of the resulting sub-block X/ and ¢; the sub-block
of ¢; are further divided into 2 sub-groups S/, and S/, of
(N/n)/2 elements and ¢;; and @;» as in (21), respectively.
Each is then element-wise multiplied by a corresponding
division of the predefined phase sequences as in (22). The
process is repeated until each group contains only one ele-
ment (subcarrier), where the resulting signal has a lower
PAPR than the original OFDM signal.

X/ =[X).S5]. @i=lei enl 1)
X =X.expGgin), Xh=X,.exp(on)  (22)

In the receiver, where the inverse process is carried out, each
sub-block is multiplied by a conjugate of its same phase
factor used at the transmitter in reverse order until the original
OFDM signal is recovered, as in (23) and (24).

Y =Y/ .exp(—jgi1), RH="Yjhexp(—jpn) (23)
Y; =Y/ .exp(—j.¢) (24)

The pseudocode of the ISPR is shown in Algorithm 1.
The algorithm receives a signal, an initial group size, and an
optional set of phases as its input. The algorithm produces
the processed signal and phases as its output. If no phases are
specified, the method will produce random phases that are
the same length as the signal. The technique applies phase
rotations to sub-blocks of the signal in an iterative manner.
The group size begins with the starting group size and is
divided in half in each iteration until it reaches a size of 1.
The method calculates the number of subblocks during each
iteration by considering the signal’s length and the current
group size.

The algorithm calculates the phase for each subblock by
using the phases corresponding to the subblock’s starting and
ending indices. The computed phase is subsequently utilized
to modify the signal by applying the phase function. Once all
the subblocks have been processed, the group size is reduced
by half, and the algorithm proceeds to the next iteration.
Ultimately, the method produces the treated signal as its
output and the phase vector employed for rotation.

172434

Algorithm 1 Iterative Sub-Block Phase Rotation (ISPR)
1. Input:
- input _signal: The original signal to be processed.
- initial _group_size: The starting size of groups for phase
rotation.
- phases_input: An optional array of phase values.
2. Output:
- output_signal: The signal after phase rotation.
- phases_used: The array of phase values applied to the
signal.
3. Initialize:
- Set group_size to initial _group_size.
- Set output_signal to input_signal.
4. Check Phase Input:
- If phases_input is not provided:
- Generate random phase values of the same length as
input_signal.
- Else
- Use the provided phases_input as phases_used.
5. Iterative Phase Rotation:
- While group_size is greater than 1:
- Compute the number of sub-blocks as the length of
input_signal‘ divided by group_size.
- For each sub-block i (from O to num_subblocks - 1):
- Calculate the start and end indices of the current sub-
block:
- start_index = i x group_size
- end_index = (i + 1) x group_size
- Determine the phase to apply using the segment of
phases_used corresponding to this sub-block:
- current_phase =  compute
phases_used|[start_index : end_index]
- Apply the computed phase to output_signal within the
sub-block indices.
- Reduce the group_size by half for the next iteration.
6. Return:
- output_signal, phases_used

phase  from

V. SIMULATION RESULTS

The proposed methods for OTFS were implemented and
analyzed using Matlab- 2018. The assumed parameters of
the system are represented in Table 1 [28]. The numerical
simulation is carried out to measure the effectiveness of
the systems. Here, 20,000 symbols are randomly created,
modulated by 256 QAM, and used to evaluate the effective-
ness of the systems on the Rayleigh channel with AWGN.
The exhaustive search in the systems significantly obtains
Optimal Phase Factors (OPFs). By increasing the number of
partitions, it is observed that the PAPR value is reduced in the
proposed systems.

In Fig. 6, we analyzed the performance of the first proposed
hybrid and conventional algorithms for OTFS waveforms
with 256 subcarriers. The main objective was to determine
the optimal PAPR obtained at a 1073 CCDF. The PAPR
reduction equal 0.5 dB, 2.2 dB, 3.3 dB, 4.3 dB, 4.8 dB,
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TABLE 1. Simulation parameters.

Parameter Value

Number of Subcarriers 256

Subcarrier Spacing 15Khz

Modulation Type 256 QAM

Number of Particles 50

Number of Paths 9

Channel type Rician channel with AGWN
Number of iterations 25

Number of subblocks 4,8, 64

Number of bits 100000
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FIGURE 6. PAPR reduction with the proposed system.

6.1 dB, and 8 dB were obtained by the conventional OTFS,
PTS v=4,PTS v =8, PTS v = 64, PTS-ISSA v =4, PTS-
ISSA v = 8, and PTS-ISSA v = 64 as compared with the
traditional OFDM. The suggested algorithm and PTS-ISSA
produced better results and performed better than the con-
ventional approaches. By adding more sub-blocks, the PAPR
reduction was further enhanced. On the other hand, adding
more sub-blocks could make the system more complex.
PAPR analysis in Rician channels is essential for effective
power amplifier design in mobile communications. It assists
in anticipating infrequent, high-power signal peaks brought
on by the channel, helping to avoid expensive clipping and
distortion.

This results in faster data rates without using more spec-
trum, which is essential for enabling various 5G applications
and raising the framework’s PAPR. Therefore, it can be said
that the hybrid algorithms that have been suggested achieve
the best PAPR performance. Because there are more oppor-
tunities for constructive interference, the Rician channel
mimics a typical dispersed mobile environment with random
signal fluctuations and a higher likelihood for severe peaks in
256 subcarriers. PAPR analysis is essential for both possible
PAPR reduction strategies and amplifier design.

Figure 7 shows comparing the PAPR reduction of the
ISPR to conventional techniques. It is seen that at the CCDF
of 10_3, the PAPR reduction of 5.1 dB, 7.2 dB, and 8.2 dB
were obtained by ISPR-OTFS v = 4, ISPR-OTFS v = 8§,
and ISPR-OTFS v = 64 as compared with the conven-
tional OFDM.
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FIGURE 7. PAPR reduction with the OTFS-ISPR system.

The PAPR reduction achieved by ISSA-PTS and ISPR-
OTFS systems shows significant improvements over the
BFA-PTS method [28]. Specifically, the ISSA-PTS system
achieved a 2.56% improvement in PAPR reduction, while the
ISPR-OTFS system demonstrated a 5.13% improvement over
BFA-PTS, with a PAPR reduction of 8.2 dB. Also, PTS-BFA
in [28] reduces by 7.8 dB.

The ISPR-OTFS technique demonstrates superior per-
formance regarding PAPR reduction compared to the
ISSA-OTFS approach. The improvements achieved by
ISPR-OTFS range from 6.06% to 7.84% across different
sub-block configurations, highlighting its effectiveness in
reducing the peak-to-average power ratio more efficiently
than ISSA-OTFS.

The 5 G’s OTFS waveforms’ decreased PAPR increases
the BER. There is a trade-off here between possible signal
deterioration and amplifier efficiency. In addition to introduc-
ing small signal alterations that could raise the BER value and
deteriorate the framework’s performance, the PAPR approach
lowers the peaks for amplifier safety. Therefore, examining
the framework’s throughput performance for the suggested
algorithms in Rician channel scenarios is crucial. The primary
goal is to reduce the PAPR while maintaining the OTFS’s
BER performance.

Fig. 8 displays a BER analysis of the Rician channels for
the 256 subcarriers. Thus, it can be said that the suggested
approaches effectively maintain the framework’s BER.
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FIGURE 8. BER of the OTFS-PTS-ISSA system.
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Therefore, it can be said that the suggested hybrid
approach effectively raised the framework’s performance.
Consequently, the findings show that the proposed meth-
ods preserve BER performance while lowering the frame-
work’s PAPR.

Fig. 8 illustrates the analysis of the BER performance for
an OTFS waveform under the influence of a Rician Channel
utilizing 256 subcarriers. It is seen that at the BER of 1072,
the SNR of 2.5 dB, 3.2 dB, 3.5 dB, 3.6 dB, 4.5 dB, 5.1 dB,
and 6.5 dB were obtained by the conventional OTFS,
PTS v = 4, PTS v = 8, PTS v = 64, PTS-ISSA v = 4,
PTS-ISSA v =8, and PTS-ISSA v = 64 as compared with the
traditional OFDM. Hence, it is concluded that the proposed
PTS-ISSA v = 8 outperforms the conventional and contem-
porary algorithms.
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FIGURE 9. BER of the OTFS-ISPR system.

As a result, the BER performance was successfully main-
tained using the suggested approach. By dispersing signal
energy over time and frequency, OTFS waveforms are
intended to increase the durability of Rician channels. The
proposed hybrid algorithms can further strengthen this resis-
tance. Nevertheless, the channel conditions determine their
influence on the power spectrum density, which is associated
with the dispersion of signals across frequencies.

Fig. 9 illustrates the BER performance for the OTFS-ISPR
system. It is seen that at the BER of 1072, the SNR of
4.8 dB, 5.5 dB, and 6.9 dB were obtained by PTS v = 4,
PTS v =8, PTS v = 64, PTS-ISSA v =4, PTS-ISSA v =8,
and PTS-ISSA v = 64 as compared with the conven-
tional OFDM.

ISPR-OTEFS also outperforms ISSA-OTFS, with improve-
ments ranging from 6.15% to 7.84%, depending on the
sub-block configuration. This indicates that ISPR-OTFS
reduces PAPR more effectively and maintains better bit error
rate performance, making it a more robust solution for com-
munication systems.

In terms of BER performance, the ISSA-PTS sys-
tem showed a 1.56% improvement in SNR compared to
BFA-PTS, achieving an SNR of 6.5 dB at a BER of 1072, The
ISPR-OTFS system achieved a 7.81% improvement in SNR
over BFA-PTS, with an SNR of 6.9 dB, indicating superior
performance in both PAPR and BER reduction.
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Because of the structural differences in the other advanced
waveforms, the traditional PAPR methods employed in
OFDM cannot be applied to them. As such, a specific wave-
form design must inform the implementation of a distinct
PAPR algorithm. Additionally, to the best of our knowledge
and the literature that is currently accessible, the proposed
study is the first to apply hybrid algorithms like PTS-ISSA
for PAPR reduction in the OTFS waveform. Recent studies
have shown that decreasing complexity and PAPR results in
a decrease in BER performance.

This study focuses on Rician channels, which are highly
relevant for scenarios with a strong line-of-sight (LOS) com-
ponent, such as urban and vehicular communication systems.
A dominant LOS signal in Rician fading channels introduces
occasional high-power peaks, making PAPR reduction essen-
tial to ensure efficient power amplifier design and prevent
signal distortion. Our proposed hybrid algorithms, ISSA-PTS
and ISPR-OTFS, are optimized for these conditions, balanc-
ing PAPR reduction and BER performance in high-mobility
environments.

A. COMPLEXITY

Because of the structural differences in the other advanced
waveforms, the traditional PAPR methods employed in
OFDM cannot be applied to them. As such, a specific wave-
form design must inform the implementation of a distinct
PAPR algorithm. Additionally, to the best of our knowledge
and the literature that is currently accessible, the proposed
study is the first to apply hybrid algorithms like PTS-ISSA
for PAPR reduction in the OTFS waveform. ISPR with 4 sub-
blocks requires an extra multiplication process than ISPR
with 8, 64 sub-blocks, which, in turn, has more significant
computational complexity. Therefore, the initial sub-block
division of 4 is a good candidate in practice. Recent studies
have shown that decreasing complexity and PAPR decreases
BER performance; however, in this work, we find that the
BER performance is maintained for 256 subcarriers without
affecting PAPR performance.

The computational complexity of the proposed ISSA-PTS
and ISPR-OTFS methods is significantly lower than that
of traditional PTS, with ISSA-PTS decreasing complex-
ity to O(v.nj,,) by optimizing the search process using
fewer iterations, and ISPR-OTFS achieving linear complexity
O(v), making both methods more scalable and efficient for
real-time applications compared to the exponential complex-
ity O (2") of conventional PTS. This reduced complexity
makes ISSA-PTS and ISPR-OTFS more available for hard-
ware implementation on FPGAs and GPUs, which can exploit
the parallelism of these algorithms. Both methods, especially
ISPR-OTFS, are ideal for large-scale communication systems
like 5G due to their scalability and reduced computational
overhead. The lower iteration count of ISSA-PTS improves
parallel processing performance, while ISPR-OTFS’s lin-
ear complexity makes it adaptable to real-time applications
where latency and power efficiency are crucial. These meth-
ods balance computational efficiency and high performance
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by minimizing iterations and simplifying the search process,
making them feasible for next-generation communication
networks.

VI. CONCLUSION

This study addresses the critical challenge of PAPR reduction
in OTFS systems, particularly in high-mobility environments,
and satellite. The proposed hybrid ISSA-PTS and ISPR
techniques significantly improve both PAPR and BER perfor-
mance, providing robust solutions to enhance communication
reliability. ISSA-PTS employs advanced optimization to min-
imize PAPR and reduce signal distortion, while ISPR offers a
scalable, efficient strategy that maintains BER performance
with less complexity. Simulation results validate the effec-
tiveness of these techniques, highlighting their potential for
practical OTFS applications.

For future work, we plan to explore real-time hardware
implementation of the proposed algorithms on platforms
like FPGAs and GPUs, further optimize their computational
complexity, and evaluate their performance in MIMO OTFS
systems. Additionally, we aim to assess their effectiveness in
other fading models, such as Nakagami-m, and explore their
applicability in 6G networks, particularly in high-frequency
bands and massive MIMO systems. These directions will fur-
ther enhance the scalability and practicality of the proposed
methods for next-generation wireless networks.
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